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 Abstract 
 
In cotton production, nitrogen (N) is the most limiting nutrient and the demand is substantial. 
Foliar-N fertilization is regarded as an effective and environmentally sound method of supplying 
cotton with N during times of deficiency and high demand. In response to the potential benefits 
of the foliar-N fertilization of cotton, a myriad of foliar-N based fertilizers have been created; 
each with their own individual chemical technology and constitution. Experiments were 
performed with the objectives of examining the effects of the slow-release foliar-N fertilizer, 
Nitamin®  (1) on the growth and development of field-grown cotton, (2) on uptake under various 
environmental conditions, and (3) the quantification of foliar-N leaf absorption over time. 
Results suggested that Nitamin was not effective in high temperature stress conditions, but was 
effective in increasing yields in more temperate conditions/environments and in conditions of 
limited soil-N fertility. Additionally, Nitamin was found to have a slower translocation rate of 
foliar-N through the leaves when compared to foliar urea in all environmental stress conditions 
tested that was attributed to its slow-release technology. Nitamin was also found to have a high 
rate of leaf absorption when compared to foliar urea and urea ammonium nitrate (UAN 32) that 
was attributed to its viscous nature in increasing leaf surface retention. In general, the advantages 
of Nitamin for leaf absorption and retention was offset by non-significant and sometimes 
numerically lower values in many growth parameters when compared to foliar-applied urea in 
the majority of these trials, indicating that the short application window afforded by cotton may 
not be conducive for slow-release foliar-N fertilization in the absence of rainfall. 
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1 
Introduction  
 
 Efficient nitrogen (N) management in cotton production is vital in order to attain 
adequate growth and development. Traditionally, N is provided to cotton plants through soil 
incorporated fertilizer applications at different stages during the growing season. However, soil 
incorporated N can experience a series of chemical alterations along with numerous loss 
mechanisms (leaching, volatilization and denitrification) that can render N unavailable for plant 
uptake. Furthermore, soil incorporated N has dealt with much inspection over the years for its 
role in many unfavorable environmental conditions. From early root and vegetative growth to 
active reproductive development, N is essential in every stage of cotton production and the 
requirement is substantial.   
 Advancements in fertilization technologies have produced a myriad of alternatives to 
traditional soil incorporated N fertilizers. One alternative includes the use of slow-release N 
fertilizers that release their N content over a prolonged period of time through semipermeable 
coatings or by creating N compounds that exhibit varying degrees of resistance to chemical or 
microbial decomposition. Another option to soil incorporated N is by the use of foliar sprays that 
contain N in various forms and concentrations. Foliar-N fertilizers are applied to the surfaces of 
cotton leaves where upon successful absorption; the N is made available for plant assimilation 
and translocated to either vegetative or fruiting structures of the plant. The use of foliar-N 
fertilizers decreases the risk of nitrate (NO3-) leaching out of the soil via ground or surface water 
and lessens the potential of soil incorporated N becoming unavailable by ammonium (NH4+) 
fixation or by immobilization. 
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 Research involving foliar-N fertilization of cotton has been conducted for over half a 
century as a means to correct nutritional deficiencies during the growing season and as a 
supplement to soil incorporated fertilizers. Slow-release N fertilizers have been extensively 
studied and many of these fertilizers have been utilized in cotton production regimes worldwide. 
However, foliar-N fertilization in cotton production is a relatively new practice viewed as a 
possible beneficial supplement to traditional soil N fertilizers, although there are conflicting 
opinions as to whether applications of foliar-N fertilizers are even economical or advantageous 
to cotton growth and yield. Furthermore, research concerning the effect that the environment has 
on leaf absorption and leaf structure due to applications of foliar-N have been scarce as have 
investigations into the effects of a foliar-N fertilizer that possess slow-release characteristics on 
various aspects of cotton production. These experiments will demonstrate the effects of a slow- 
release N fertilizer on the development and nutritional status of cotton as well as ascertaining the 
effects that environmental factors such as high temperatures, low humidity and water-deficit 
stress have on the leaf absorptive capacity of a foliar-applied slow-release N fertilizer.  
 
Hypothesis 
 
 
 It is hypothesized that slow-release nitrogen will benefit absorption of foliar-applied 
nitrogen and use in the growth and yield of cotton along with promoting leaf growth and 
development during periods of environmental stress.  
 
  
 3 
Objectives 
 
The overall goal of this study was to document the response of cotton to slow-release foliar- 
nitrogen fertilization and the effect of environment on absorption. The specific objectives were: 
1) To quantify the effects of foliar application with the slow-release, foliar-N compound 
NITAMIN® on plant growth, plant nutrient status, and yield.   
2) To determine the effects of environment (low humidity, high temperature and water-
deficit stress) on the growth and development of cotton with a slow-release, foliar-
applied N compound. 
3) To quantify the rate of absorption and subsequent loss of applied slow-release foliar-N to 
cotton leaves over time in comparison to other foliar-N sources.   
 
  
 4 
Literature review  
 
Role of Nitrogen in Cotton Development  
 
  In cotton production systems worldwide, nitrogen (N) is widely regarded as the nutrient 
that is most limiting in the efforts to generate effective yields on a consistent basis. In Arkansas, 
cotton is often cultivated on soils that usually possess a significant level of N deficiency, 
therefore making the management of N one of the most crucial aspects of cotton production 
(Oosterhuis, 2001). The N demand of cotton throughout the growing season is characterized by 
minimal uptake at germination and emergence with uptake steadily increasing through leaf and 
canopy formation (Oosterhuis and Bate, 1983) to a period of peak demand shortly after the onset 
of flowering and boll development (Thompson et al., 1976).  Considerations in the timing and 
the amount of N applied to cotton must be made due to growing season demand fluxes and 
inappropriate N partitioning that can lead to extreme levels of vegetative growth and thereby 
reduce fruiting as well as yield potential (Silvertooth et al., 1999).  
 Although its demand in cotton fluctuates between low and high quantities throughout the 
growing season, N is still necessitated at every stage of crop development (Craig Jr., 2002). This 
is attributable to nitrogen’s involvement in numerous areas of plant metabolism. Nitrogen in 
cotton is an essential component in the development of proteins and chlorophyll along with 
assisting in the deployment of carbohydrates (Havlin et al., 2005). Nitrogen is also an 
instrumental element in cell membrane composition (Craig Jr., 2002) and plays a key role in 
enzymatic as well as hormonal functions in the plant (Oosterhuis, 2001).   
 Another characteristic of N in cotton is its mobility in the plant. As a result of this 
mobility, N deficiencies are relatively uncomplicated to diagnose. Symptoms of N deficient 
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cotton plants include leaf chlorosis, a stunting of growth (Mengel and Kirkby, 1987) and a 
reduction in boll development (Gerik et al., 1998). The lower, older leaves of the plant generally 
tend to exhibit N deficiency symptoms first as a result of the translocation of N to other 
functional meristematic regions of the plant (Havlin et al., 2005). This results in a yellowing of 
the lower leaves while the upper leaves remain green despite this N shortage. If an N deficiency 
is allowed to progress, these lower leaves may become whitish in color and exhibit signs of leaf 
necrosis which can eventually lead to leaf fatality (Oosterhuis, 2001). 
 
Nitrogen: Forms, Fates and Fertilization 
 
 In addition to being regarded as the most limiting nutrient in cotton production, N is also 
viewed as a dynamic nutrient that experiences many transformations which can affect plant 
uptake. The availability of N to plants is regulated by numerous physical and chemical 
alterations that affect crop management operations as well as potentially harmful environmental 
situations. As a result of the many forms and fates of N in the soil, careful considerations 
involving the time and method of N application must be made in order to receive the maximum 
benefit of N fertilization. 
 
Cotton Uptake and Assimilation of Nitrogen 
 
  Cotton primarily assimilates two forms of N in soils, nitrate (NO3-) and ammonium 
(NH4+) (Gerik et al., 1998). Generally in plants, the uptake of NH4+ is favored over NO3- because 
lesser amounts of energy are required to utilize the N in NH4+ (Havlin et al., 2005). To reduce 
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the N in NO3- to NH3, the cotton plant has to use two separate enzymes: nitrate reductase 
(NADH) and nitrite (NO2-) reductase, wherein the NADH reduces NO3- to NO2- and nitrite 
reductase continues this conversion by reducing NO2- to NH3 (Zhu, 1989). These reduction 
phases call for the contribution of eight electrons for each NH4+ molecule generated (Bray, 
1983), thus making the uptake and resulting reduction of NO3- a significant, energy reliant 
procedure (Miflin, 1980). Nitrate reduction in cotton roots is highly reliant on the degree of 
NADH activity (Zhu, 1989). Zhu (1989) stated that in plants with depressed amounts of NADH 
present in their roots, over 95% of the N translocated in the xylem tissue was in the form of NO3- 
along with the xylem tissue having very low amounts of reduced NO3-. This led him to propose 
that the cotton plant primarily takes up N in the form of NO3-. 
 In contrast to low NADH levels in cotton roots, petioles and leaves are reported to have 
elevated degrees of NADH activity (Oosterhuis and Bate, 1983). When NO3- is translocated 
through the xylem and infiltrates the leaf tissue, the NO3- must be reduced to NH4+ by NADH 
(Mengle and Kirkby, 1987) in order to be utilized in amino acid formation (Bray, 1983). Here 
the creation of new nitrogenous compounds occur and are partitioned to other areas of the plant 
such as the roots, shoots, developing bolls and immature leaves (Hake and Kerby, 1988). These 
nitrogenous compounds may also function in the construction of proteins and nucleic acids as 
well as impacting various cellular mechanisms (Bray, 1983).  
 
Environmental Fates of Nitrogen 
 
 Since cotton is a non-leguminous crop and does not participate in biological N fixation, 
inputs of N usually originate from industrialized fertilizer sources, crop residues or assorted 
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animal wastes (Havlin et al., 2005). Once an input of N enters the soil, it can be subjected to an 
array of fates that are dependent on such soil characteristics as pH, temperature, moisture, 
organic matter (OM) content and microbiological activity along with soil texture and structure 
(Gerik et al., 1998). These fates entail many processes that serve either to cycle N through the 
soil, increase the availability of soil N for plant uptake or facilitate the loss of N via chemical or 
physical transport. 
 Most of the N in soils is predominantly within the OM fraction and can become relatively 
stable (Barber, 1984) and unavailable for plant assimilation through a process termed 
immobilization, which is defined as the alteration of NH4+ and/or NO3- into organic forms of N 
(Havlin et al., 2005). Organic N can then become available to plants through the process of 
mineralization, in which organic N is converted to NH4+ (Gerik et al., 1998). The rate of 
immobilization and mineralization is largely dependent on the carbon (C) to N content ratio 
(C:N) of the OM and plant residues present in the soil (Barber, 1984). This is primarily due to 
microbial decomposition of OM (Brady and Weil, 2008). Organic matter with elevated C:N 
ratios cause the microbes to utilize inorganic N reserves from the soil to balance out their own 
C:N ratio of 8:1, whereas OM with low C:N ratios stimulate a lower level of microbial activity 
that results in less inorganic N being depleted from the soil (Havlin et al., 2005). 
 Once mineralization has converted organic N into NH4+, the NH4+ may be assimilated by 
plant roots or can be subjected to further transformation through nitrification. Nitrification is the 
two step modification of NH4+ to NO3- in which the bacterial species, nitrosomonas converts 
NH4+ to NO2- and another bacterial species, nitrobacter completes the process by converting 
NO2- to NO3- (Mengel and Kirkby, 1987). Additionally, NH4+ based soil applied fertilizers may 
also undergo nitrification as well. Nitrification depends on the occurrence of numerous soil 
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conditions and characteristics (Barber, 1984). Nitrification proceeds most readily at high soil pH 
levels, aerobic soil environments with ample supplies of NH4+ (Brady and Weil, 2008), sufficient 
amounts of nitrifying organisms, soil moisture that does not surpass field capacity and optimal 
soil temperatures ranging from 250C to 350C (Havlin et al., 2005). When nitrification regularly 
occurs, the primary form of mineral N is NO3- which is relatively mobile in the soil. 
 Although N can be supplied to the soil through fertilization, mineralization and 
nitrification, N can also be depleted from the soil through a variety of loss mechanisms. 
Denitrification is the conversion of NO3- to NO2- to gaseous forms of N such as dinitrous oxide 
(N2O) and atmospheric nitrogen (N2) that can escape into the air (Mengel and Kirkby, 1987). 
Denitrification is favored by anerobic soil conditions, excessive soil moisture (Gerik et al., 
1998), abundant populations of anaerobic and denitrifying bacteria along with the presence of 
NO3- and/or NO2- (Brady and Weil, 2008). Nitrate can also be lost by leaching out of sandy, 
coarse textured soils by either downward movement through the soil column where it can 
infiltrate groundwater reservoirs or by accompanying surface runoff into aboveground water 
systems. Ammonium in the soil can also be made unavailable for plant uptake through NH4+ 
fixation where NH4+ can become adsorbed on the surfaces or between layers of clay minerals 
(Brady and Weil, 2008) and NH4+ volatilization in which NH4+ is converted to ammonia (NH3) 
gas and lost to the atmosphere (Havlin et al., 2005). Ammonium fixation is more prevalent in 
soils that contain vermiculite and illite clays (Mengel and Kirkby, 1987) while NH4+ 
volatilization primarily occurs when NH4+ or NH4+ based fertilizers are placed on the soil 
surface, soil pH levels are alkaline and when elevated temperatures in the soil and air are present 
(Barber, 1984).  
 
 9 
Nitrogen Fertilization of Cotton 
 
 Cotton requires a relatively substantial amount of N fertilization in order to ensure 
successful growth and development. These amounts may vary between cotton producing regions 
(Gerik et al., 1998) based on parameters such as the growth stage and means of N fertilization 
(Oosterhuis and Weir, 2010) along with spatial soil type differences (Howard et al., 2001). Other 
factors that serve to influence the rate of N fertilization include the OM content of the soil, the 
previous production history of the field, variable weather patterns and soil texture (Maples et al., 
1992). Additionally, considerations made involving tillage practices and cover crops (Howard et 
al., 2001) can also significantly impact cotton production with regards to N fertilization.  
 Applying N fertilizer at amounts that deviate from the optimum rates recommended 
according to regional soil test analyses can severely undermine yield potential. Maples and 
Keogh (1971) stated that N deficiencies and excesses of N can substantially decrease cotton 
yields. A surplus of N may result in cotton plants with extreme vegetative growth that can delay 
cotton maturity and harvest efficiency (Wiedenfeld et al., 2009) along with decreasing fiber 
production and quality (Craig Jr., 2002). Consequently, cotton plants experiencing N deficiencies 
may promote early onsets of senescence (Oosterhuis, 2001) and reduced fruit and boll 
development (McConnell et al., 1995). Utilizing the most favorable N rate specific for a growing 
region can considerably sustain production quality by maintaining the right vegetative and 
reproductive equilibrium, reducing the frequency of insecticide treatments and allowing the 
cotton to mature and be harvested at an earlier date in the season (Craig Jr., 2002).  
 Throughout the growing season, cotton accrues N at rates ranging from approximately 
50-300 kg N/ha (Mullins and Burmester, 2010) with a total amount of recommended soil applied 
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N at rates ranging between 90-140 kg N/ha (Oosterhuis, 2001). These rates are consistent with 
the findings of Hearn (1981) who stated that in order to produce one bale of fiber, cotton needs 
approximately 90 kg N/ha and production of two bales requires roughly 140 kg N/ha. However, 
these rates are quite dependent on yield estimates, climatic changes during the growing season 
and crop management strategies. Nitrogen fertilization in dryland cotton systems tends to use 
almost half the optimum N amount that irrigated systems do (Oosterhuis, 2001). Another critical 
factor regarding N management of cotton is the plant’s N uptake potential. Hearn (1981) found 
that in some cases, N uptake of cotton can be up to 230 kg N/ha with the plant removing 
approximately half this amount of total uptake at harvest. During the reproductive stages, the 
developing bolls and the lint and seeds within increasingly receive N through plant partitioning 
and become major sinks for N accumulation (Zhu and Oosterhuis, 1992). This partitioning 
results in the bolls amassing about 43-60% of the plant’s total N content (Oosterhuis, 2001). 
 Nitrogen fertilizers can be applied in a variety of methods. Historically, the most 
common technique was a split application which called for a portion of the recommended N to 
be applied around planting (Maples and Frizzel, 1985) and the rest applied before the onset of 
flowering (Oosterhuis, 2001). However, due to increasing awareness of the possible 
environmental risks of N fertilizers along with their numerous fates in the soil, the timing of N 
applications have been centered on such factors as sandy vs. clay textured soils, individual state 
fertilizer recommendations and a heightened knowledge of what growth stages of cotton demand 
and utilize N the most. In order to meet the N requirements of cotton, an array of N based 
fertilizers have been developed over the years, each with their own chemical compositions and 
application methods designed to provide efficient and effective plant nutrition. 
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Sources of Nitrogen Fertilizer 
 
 Ever since Fritz Haber and Carl Bosch engineered a method in which to convert 
atmospheric N2  into NH3 in the early twentieth century, a myriad of N based fertilizers have 
been developed in the attempts to enhance cotton production efficiency. Coupled with advances 
in fertilizer application technologies after World War II, the industrial production of N based 
fertilizers has become the most significant source of N concerning plant nutrition (Havlin et al., 
2005). Although a great number of these N fertilizers have traditionally been soil incorporated 
and applied according to individual fertilization philosophies, recent research has focused on 
foliar and slow-release based N fertilizers that can assist in providing N to the plant at peak 
demand. 
 
Traditional Soil Incorporated Nitrogen Fertilization 
 
 Soil incorporated N fertilizers have been commonplace for decades within the realm of 
cotton production. Two of the most widely used forms of soil incorporated N fertilizer are 
anhydrous ammonia (NH3) and urea [CO(NH2)2] (Venterea et al., 2010). Anhydrous ammonia is 
gaseous in its physical state, 82% N by weight and is commonly injected into the soil but the 
toxic nature of NH3 requires pressurized equipment and appropriate safety measures for handling 
purposes and efficient application (Mengel and Kirkby, 1987). Urea is 46% N by weight and can 
be granular in structure or as a liquid when combined with ammonium nitrate (NH4NO3) to form 
urea ammonium nitrate solutions (UAN). According to Havlin et al., (2005), urea is the most 
utilized source of N worldwide and in the United States, urea constitutes approximately 20% of 
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the total N used. Urea is beneficial in that it hydrolyzes into NH4+ under ideal soil conditions 
(Brady and Weil, 2008) although N fertilizers such as Agrotain®, that inhibit urease activity, can 
slow down the conversion of urea to NH4+, therefore lessening the potential for NH3 
volatilization (Havlin et al., 2005). Additionally, urea’s incorporation into the soil can reduce 
NH3 volatilization losses and strengthen urea’s fertilization potential (Havlin et al., 2005).    
 Other N based fertilizers include ammonium nitrate (NH4NO3) which is 33% N by 
weight, ammonium sulfate [(NH4)2SO4] which is 21 % N by weight and urea ammonium nitrate 
solution (UAN) which ranges from 27-32% N by weight (Mengle and Kirkby, 1987). 
Ammonium nitrate can be applied directly onto the soil surface (Brady and Weil, 2008) and can 
readily disassociate into NH4+ and NO3- (Havlin et al., 2005). However, due to national security 
concerns over its explosive capabilities, NH4NO3 usage has declined over the years and is even 
banned in a number of countries (Mengel and Kirkby, 1987). Ammonium sulfate is relatively 
easy to manage, can provide an ample supply of sulfur (S) to the plant and significantly 
decreases soil pH (Brady and Weil, 2008) which can be an asset in high pH soils. Urea 
ammonium nitrate solution is the most widely used liquid-N fertilizer (Brady and Weil, 2008). 
Benefits of UAN fertilizers include a congruent capacity with numerous pesticides, application 
potential via irrigation water and a more uniform distribution when compared with other solid-N 
fertilizers (Havlin et al., 2005). Additional soil incorporated N fertilizers that provide NO3- as 
well as NH4+ often endure scrutiny for their associations with environmental dilemmas such as 
NO3- pollution of surface and ground waters along with contributing to the increase of 
greenhouse gases in the atmosphere.  
 
Slow Release Nitrogen Fertilization 
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 Slow-release N fertilizers are developed with the intent of reducing potential losses of N 
from the soil through loss mechanisms such as NO3- leaching (Mengel and Kirkby, 1987) or NH3 
volatilization (Havlin et al., 2005). These fertilizers gradually release their nutrient content over 
longer periods of time than traditional soil incorporated N fertilizers. There are a variety of 
methods in which slow release fertilizers retain and liberate N in order to be made available for 
plant uptake. One primary method is through controlling the water soluble nature of a 
conventional fertilizer product (AAPFCO, 1995). The control of water solubility can be achieved 
through methods such as enveloping granules of urea with casings of S as in sulfur-coated urea 
(SCU, 22-38 % N), by combining urea and formaldehyde to create ureaforms (UF, 30-40% N) 
(Havlin et al., 2005) and by encasing urea with a polyolefin coating to produce polyolefin coated 
urea (POCU) (Gandeza et al., 1991) which is 40% N (Zvomuya and Rosen, 2001). Nutrient 
release can then be conducted through either chemical or microbial decomposition, increases in 
soil temperature (Gandeza et al., 1991) or dependent on the chain lengths of constituent polymers 
contained within. Slow-release fertilizers also aid in delaying nitrification and urease activity by 
impeding the conversion of NH4+ to NO3- or NH3 (Havlin et al., 2005). 
 Slow-release N fertilizers can offer various benefits along with some disadvantages 
associated with cotton production. Slow-release N fertilizers may be beneficial in areas such as 
enhancing nutrient uptake efficacy and permitting the application of N in the winter or early 
spring due to cold soil temperatures that hinder N release from POCU (Oosterhuis and Howard, 
2008). Other assets of slow-release N fertilizers include reducing potential plant and seedling 
damage (Mengel and Kirkby, 1987), allowing for increased levels of fertilizer applications while 
decreasing application regularity (Trenkel, 1997) and ideally releasing N in conjunction with 
seasonal N crop demand (Mengel and Kirkby, 1987). Even though these fertilizers may assist in 
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many aspects of cotton development, they can be quite expensive and are primarily 
recommended for high, cash valued crops (Oosterhuis and Howard, 2008). Additional 
disadvantages of slow-release N fertilizers consist of uncertainties in sufficient application rates 
and methods (Oosterhuis and Howard, 2008), difficulties in ascertaining nutrient release rates, 
elevated degrees of soil acidification and an increased amount of undecomposed, synthetic 
residues remaining on the soil surface (Trenkel, 1997). Although slow-release N fertilizers have 
garnered much consideration in the fields of nutrient management and environmental protection, 
foliar-N fertilizers have been examined with regards to supplementing the late season N demands 
of cotton as well as reducing applications of soil incorporated N fertilizers. 
 
Foliar Nitrogen Fertilization of Cotton 
                
 Foliar fertilization has been used as a basis of remedying nutritional imbalances and 
complementing soil incorporated fertilizers in order to accomplish beneficial plant development 
since the nineteenth century (Oosterhuis and Weir, 2010). Nevertheless, the foliar fertilization of 
cotton has only become ubiquitous within the last two decades (Oosterhuis and Weir, 2010). 
Careful attention has been given to characteristics concerning the foliar fertilization of cotton 
such as the uptake mechanism regarding the composition of the cotton leaf cuticle along with 
factors affecting efficient absorption such as leaf age at the time of foliar application (Bondada et 
al., 1997), plant water status and environmental situations that can affect foliar N absorption 
(Zhu, 1989). Considerations have also been made as what types of foliar-N fertilizers are 
available along with their individual chemical compositions and the advantages/disadvantages of 
using foliar N fertilization in cotton production. 
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Theory and Rationale of Foliar Nitrogen Fertilization 
 
 The justification supporting the utilization of foliar-N fertilization is largely based on the 
various loss mechanisms that soil incorporated N fertilizers can be subjected to (Barber, 1984) 
and the substantial requirement of N by cotton plants during reproductive development 
(Thompson et al., 1976). In addition to loss mechanisms such as denitrification, volatilization 
and leaching, the cotton plant’s ability to absorb N from the soil can be further restricted by 
periods of water-deficit stress, soils that become readily compacted and decreases in the rooting 
efficiency of cotton at the onset of boll development (Craig Jr., 2002). Boll development 
necessitates a considerable amount of N that is predominantly imparted by the leaves (Zhu and 
Oosterhuis, 1992) and any shortages in leaf N can result in severe yield reductions (Bondada et 
al., 1997). Therefore, foliar-N fertilization of cotton is regarded as an alternative method of 
amending leaf N deficiencies (Craig Jr., 2002). Studies have demonstrated that foliar-N 
fertilization enhances yields by promoting increases in assimilate generation for maturing bolls 
(Oosterhuis et al., 1989; Bondada, 1994). However, the effectiveness of foliar N applications is 
often dependent on the availability of soil incorporated N (Wiedenfeld et al., 2009) and cotton 
leaf morphology (Bondada et al., 1997).                    
 
Uptake Mechanism 
 
 For foliar-N to be successful it first has to gain access into the leaf through either the 
outer part of the cuticle or the stomata (Oosterhuis and Weir, 2010), although the general 
consensus is that the cuticle is the main pathway for foliar nutrient absorption (Foy and 
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Pritchard, 1996). The leaf cuticle is an elaborate structure consisting of a waxy epicuticular layer 
overlaying the leaf surface (Oosterhuis et al., 1991), an underlying, thin cuticle proper and a 
sizeable cuticle layer underneath (Bondada et al., 1994). Other components of the cotton cuticle 
include dispersed stomata with stomatal ridges along with cuticular pores and channels (Bondada 
et al., 1994). The cuticle is primarily built out of insoluble cutin lamellae and soluble wax 
coatings (Mengle and Kirkby, 1987; Oosterhuis and Weir, 2010).  The cuticle proper is 
composed only of cutin (Bondada et al. 1994) while the cuticle layer is made up of pectin, wax 
and hemicellulose in addition to cutin (Oosterhuis and Weir, 2010). Underneath the cuticle layer 
lays the pectin layer, which serves to bind the cuticle layer to the cell wall (Oosterhuis and Weir, 
2010). The cuticle layer surrounds the exterior surfaces of the leaf epidermal cells (Zhu, 1989) 
which swiftly absorb foliar-N after effective application and infiltration (Craig Jr. 2002).  
 
Plant Factors Affecting Absorption 
 
 Leaf age and water status also have an effect on foliar-N absorption. Bondada et al. 
(1997) discovered that the highest rate of absorption of foliar applied-N (80%) was attained by 
leaves 20 days of age and this rate subsequently declined to approximately 38% in leaves 60 
days of age. This supports the observations of Miller (1982) who found that the infiltration 
capacity of the cuticle to aqueous materials may be closely related to leaf maturity. As leaf age 
progresses, decreases in N assimilation occur as a result of a diminished capacity in leaf 
physiology (Wullschleger and Oosterhuis, 1990), an increased amount of epicuticular wax (Craig 
Jr., 2002) and eventual leaf senescence (Bondada et al., 1997). Leaf water status is also a crucial 
factor concerning foliar-N absorption. Leaves that possess high levels of surface moisture absorb 
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foliar nutrients at an increased rate (Boynton, 1954) and alter cuticular physiology (Bukovac and 
Wittwer, 1962). It has been suggested that when an aqueous nutrient solution adheres to the leaf 
cuticle, the cuticle experiences dehydration and swelling allowing epicuticular wax structures to 
spread apart from one another and enable foliar nutrient penetration (Wittwer et al., 1963). 
However, under dry cuticular conditions, the cuticular framework constricts, thereby inhibiting 
nutrient access into the leaf (Kannan, 1986) along with minimizing evaporative water loss 
(Wullschleger and Oosterhuis, 1987).  
 
Environmental Effects on Absorption 
 
 In addition to cuticle structure, leaf age and moisture content of the leaf, the 
environmental conditions that cotton plants experience throughout the growing season have a 
profound impact on effective foliar-N absorption. Environmental factors such as temperature, 
humidity and air flow can influence the residence time of foliar-N on leaf surfaces which has a 
direct correlation with the leaf’s ability to absorb foliar-N (Oosterhuis and Weir, 2010). 
Environmental characteristics such as high temperatures, constant wind movement and a low 
relative humidity have been shown to slow the rate of foliar-N uptake by subjecting either the 
interior or surfaces of leaves to water stress (Kannan, 1986). In addition, adverse environmental 
conditions can quickly dry the applied foliar-N on the leaf surface and even volatilize the N to 
the point where it often crystallizes (Oosterhuis and Weir, 2010). Radiation (Baker, 1974) and 
light exposure can also affect foliar-N absorption (Kannan, 1986). Increased light exposure has 
been proposed as affecting foliar-N penetration by promoting photosynthetic activity (Kannan, 
 18 
1986) which supports the suggestion made by Teubner et al. (1957), who claimed that leaf 
nutrient uptake capacity was usually more intensified during the day.  
 
Foliar Nitrogen Fertilizers 
 
 By far, the most preferred source of foliar fertilization in cotton production is urea-N 
(Gerik et al., 1998). Urea-N is favored as a result of its non-polar organic chemistry which assists 
in its absorption and translocation throughout the leaf (Yamada, 1962). Other benefits of urea-N 
include a high degree of solubility, a decreased level of phytotoxicity, an effective leaf 
penetrating capacity and a relatively affordable cost (Oosterhuis et al., 1989). However, urea-N 
can still undergo hydrolysis through heightened urease activity in the leaf and become lost to the 
surrounding air by NH4+ volatilization (Wiedenfeld et al., 2009).  
 Boynton (1954) proposed four possible fates that foliar-applied urea-N can experience: 1) 
successful penetration and absorption in the leaf; 2) movement out of the leaf through the 
petiole; 3) adherence to the leaf surface; and 4) losses from dew falling off the leaf or by 
volatilization. In order for urea-N to effectively penetrate the epidermal cell membrane, it first 
has to move across the cuticle layer by diffusion where upon entry, its movement is governed by 
metabolic energy (Franke, 1967). Urea-N then encounters the urease enzyme that hydrolyzes the 
urea-N into NH3 (Hake and Kerby, 1988). After urea-N hydrolysis, NH3 is transformed into 
assorted nitrogenous compounds, amides and amino acids (Bray, 1983). Once urea-N obtains 
movement within the leaf, it is translocated to actively vegetative growing regions or developing 
reproductive structures (Oosterhuis and Weir, 2010) through the phloem tissue along 
photosynthetic assimilate pathways (Marshall and Wardlaw, 1973).  
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 In addition to urea-N, there are other foliar-N fertilizers available that can aid in 
providing N to the developing cotton plant. Triazone is an N compound consisting of three N and 
three carbon (C) atoms and is combined with urea-N to generate a foliar product that contains at 
least 25% N (Wiedenfeld et al., 2009). Urea-triazone N is also referred to by the trade names N-
Sure® and Trisert® (Wiedenfeld et al., 2009). Kissel and Cabrera (1998) stated that triazone may 
be more productive than urea-N through characteristics such as a lower rate of NH3 volatilization 
and a tendency to exist in a liquid state for longer periods while Clapp, 1989, noticed triazone 
exhibited a reduced degree of phytotoxicity. However, research by Wiedenfeld et al., (2009) 
showed that when both triazone and urea-N were applied to cotton plants at the same rates, seed 
cotton yields were increased more by urea-N while triazone was found to be ineffective along 
with causing leaf burn after several applications. Other types of foliar-N fertilizers used in cotton 
production include NH4NO3 and calcium nitrate [Ca(NO3)2] (Oosterhuis and Weir, 2010). 
 Slow-release foliar-N fertilizers are available for cotton production as well. Nitamin® has 
a guaranteed analysis of 30% total N by weight and the total N is composed of 12% urea-N and 
18% water-soluble N that is slowly available from methylene urea and triazone-N (Koch 
Agronomic Services, 2011). Nitamin is also compatible with other N sources along with 
common herbicides, fungicides and pesticides (Koch Agronomic Services, 2011). CoRoN® is 
another slow-release foliar-N fertilizer that is 25% total N by weight (Helena Chemical 
Company, 2010) and is made up of polymethylene urea along with rapid-release, reduced-biruet 
urea (Oosterhuis et al., 2000). Additionally, CoRoN is purported to have low potentials for 
precipitation and volatilization (Helena Chemical Company, 2010). However, studies regarding 
the use of both Nitamin and CoRoN in cotton have either generated non-significant (Mitchell et 
al., 2012) or inconsistent results (Oosterhuis et al., 2000).                   
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Advantages/Disadvantages of Foliar Nitrogen Fertilization 
 
 The advantages of foliar-N fertilization are heavily reliant on both the N status of the soil 
and of the plant (Oosterhuis and Weir, 2010). Foliar-N applications can be uneconomical if there 
is an amount of N in either the soil or the plant that is sufficient for cotton growth and 
development (Gerik et al., 1998). However, if N is deficient, foliar N is considered beneficial as 
a result of its inexpensive cost, rapid absorption rate and response from the plant along with 
being able to apply N in small portions when needed (Oosterhuis, 2001). Other advantages of 
foliar-N fertilization include reducing environmental tensions concerning soil incorporated 
fertilizers, enhancing the effectiveness of N fertilizer usage and improving cotton yields 
(Oosterhuis and Weir, 2010). Additionally, N loss mechanisms such as NH4+ fixation and 
immobilization can be avoided by the utilization foliar-N fertilizers while also relieving 
difficulties involving N uptake by the roots. 
 Although foliar-N fertilizers do provide advantages concerning the N demands of cotton, 
these fertilizers possess several disadvantages as well. When acute outbreaks of N deficiency 
occur, foliar-N fertilizers can only supply a controlled amount of N (Havlin et al., 2005) and 
repeated applications can result in higher expenses to the grower (Oosterhuis, 2001). Foliar-N 
fertilizers may also generate leaf burn (Zhu, 1989) if used at high concentrations (Wiedenfeld et 
al., 2009) along with displaying incompatibilities with assorted pesticides or specific fertilizers 
(Oosterhuis and Weir, 2010). Perhaps the greatest disadvantage associated with foliar-N 
fertilization is the dearth of information regarding environmental effects on foliar-N absorption 
(Wiedenfeld et al., 2009; Oosterhuis and Weir, 2010), boll N threshold levels (Rajendran et al., 
2010) and ideal application rates along with the timings of foliar-N applications (Oosterhuis, 
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2001). Furthermore, interest and research has been scarce involving the combination of slow- 
release and foliar-N fertilization technologies that may serve to assist in providing N to cotton 
plants during various stages of development and at times of peak demand. 
 
Conclusion 
 
 These studies will involve both field and growth chamber environments. From these 
projects it will be able to better explain how slow-release foliar-nitrogen promotes growth and 
yield and also explain how environmental stress affects uptake and yield. Additionally, the rates 
of leaf uptake and adsorption along with losses due to ammonia volatilization and leaf surface 
runoff will be examined as well. Results should enable the formulation of strategies to enhance 
foliar uptake and increase the benefits of slow-release foliar-nitrogen fertilization.  
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Chapter 1 
 
Effect of the Slow-Release Nitrogen Foliar Fertilizer Nitamin® in Comparison to Foliar 
Urea and Soil Applied Nitrogen on the Growth and Yield of Cotton (Gossypium hirsutum, 
L.)  
 
Abstract 
 
Throughout the growing season, cotton may experience nitrogen (N) deficiencies that can 
severely inhibit proper growth and development. In response to possible N deficiencies and 
numerous N loss pathways, foliar-N fertilization of cotton is considered a beneficial as well as an 
environmentally conscious method of supplying N to cotton plants in N deficient and 
agronomically unfavorable field conditions. Field trials were performed to evaluate the 
effectiveness of the slow-release foliar-N fertilizer Nitamin® on the growth and yield of field-
grown cotton in comparison to foliar-applied urea and soil-incorporated UAN 32. Field studies 
were conducted in Marianna, AR in 2012 and 2013. In the 2012 study, treatments included a no- 
foliar-N fertilizer control (T1), foliar-applied urea at 6.7 kg N/hectare (ha) (T2) and foliar 
applications of Nitamin at 3.4 kg N/ha (T3), 6.7 kg N/ha (T4) and 13.5 kg N/ha (T5) 
respectively. All foliar applications were made at the first flower growth stage. In 2013, an 
additional treatment was included that consisted of Nitamin at 6.7 kg N/ha applied at pinhead 
square. An additional trial was included in 2013 that investigated the response of cotton to foliar 
urea and Nitamin applications in conditions of reduced soil N availability. Treatments consisted 
of a no-foliar-N fertilizer control (T1), foliar-applied urea at 6.7 kg N/ha (T2) and Nitamin at 6.7 
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kg N/ha (T3). Measurements included plant height, leaf area, chlorophyll yield, electron 
transport rate, partitioned plant dry matter weights, carbohydrate content of first position flower 
ovaries and subtending leaves, percent total nitrogen status of petioles from first fully-expanded 
main-stem leaves, fiber quality and overall reproductive and yield parameters.  
 In 2012, no significant responses of cotton to foliar applications of either foliar urea or 
Nitamin were observed. In 2013, the only significant response was in overall seedcotton yield 
with Nitamin at 13.5 kg N/ha having significantly higher yields than all other treatments except 
for foliar urea at 6.7 kg N/ha. In the low soil N study, Nitamin and foliar urea had significantly 
higher seedcotton yields than the no-foliar-fertilizer applied control and were not significantly 
different at P≤0.05, but at P≤0.10 Nitamin had significantly higher seedcotton yields than foliar 
urea. The 2012 growing season was characterized by extremely hot weather conditions that may 
have impeded the absorption of foliar N through the leaf. Conversely, the favorable climate in 
2013 may have promoted effective leaf penetration of Nitamin and foliar urea. Furthermore, the 
significant responses in the low soil N study illustrate the effectiveness of foliar-N fertilization in 
conditions of reduced N availability. As a result of the overall ineffectiveness of Nitamin applied 
at the growth stage of pinhead square, foliar applications of Nitamin before first flower should be 
avoided in order to minimize numerical reductions in yield potential as witnessed in this trial.      
 
Introduction  
 
 Cotton requires a substantial amount of nitrogen (N) in order to insure proper growth and 
development throughout the growing season. The role of N in cotton development is well 
documented (Craig Jr., 2002; Oosterhuis, 2001) and any deficiencies can severely decrease many 
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vegetative and reproductive growth parameters as well as overall yields (Gerik et al, 1998). Since 
N is the most limiting nutrient in cotton production, the correlation of N application to the time 
of highest demand is essential (Silvertooth et al., 1999). Therefore, the management of N is 
considered to be a vital component in any cotton production system. 
 Nitrogen is typically applied to cotton in a split application; one application at or shortly 
after planting and another application at the onset of reproductive development (Oosterhuis, 
2001; Gerik et al., 1998). Although new advancements and technologies in fertilization have 
improved the ability to supply cotton with the N it requires, there are still numerous fates and 
loss pathways that can result in reductions of N availability to the maturing cotton crop. Nitrogen 
loss mechanisms such as surface runoff, subsurface leaching, ammonia volatilization and 
denitrification (Barber, 1984) often occur on soils dedicated to cotton production (Oosterhuis, 
2001). These avenues of N loss not only serve to restrict N availability and uptake but they can 
result in serious environmental repercussions as well.   
 Applying N to cotton via foliar fertilization is viewed as not only as an effective method 
of correcting in-season N deficiencies, but an environmentally conscious one as well. Foliar-N 
applied to subtending leaves adjacent to developing bolls ensures a potential steady supply of N  
(Oosterhuis et al., 1989; Bondada, 1994) when N availability can be limited due to decreased 
root growth and activity in obtaining N from the soil (Craig Jr., 2002). Additionally, foliar-N 
fertilization is also considered advantageous due to its economical benefit, rapid rate of 
absorption and subsequent response from the plant (Oosterhuis, 2001; Zhu, 1989). Furthermore, 
foliar-N fertilization can ease environmental tensions attributed to soil incorporated N 
fertilization while significantly increasing cotton yields (Oosterhuis and Weir, 2010).  
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 The effectiveness of foliar-applied N is highly dependent on several factors such as the 
environmental conditions at the time of application (Zhu, 1989) as well as pre-existing soil N 
status (Wiedenfeld et al., 2009). Climatic factors such as low humidity, water-deficit stress and 
extremely high temperatures (Oosterhuis and Weir, 2010) can impede foliar-N penetration into 
the leaf by constricting the cuticle platelets (Kannan, 1986) that constitute the main pathway of 
foliar-N absorption (Foy and Pritchard, 1996). In addition, cotton grown in soils that possess an 
adequate amount of available N are more likely to be unreceptive to foliar-N, whereas cotton 
grown in N deficient soils respond to foliar-N applications with an increased level of sensitivity 
(Wiedenfeld et al., 2009).  
 In response to the critical role that N fertilization has in cotton production regimes 
worldwide, numerous kinds of foliar-N fertilizers have been derived in order to correct in-season 
N deficiencies as well as promoting environmental stewardship. One such foliar-N product, 
Nitamin® (30-0-0) (N-P-K), utilizes a slow-release technology to release N slowly over time. 
Although a recent study demonstrated Nitamin to be insignificant when compared to foliar urea 
(46-0-0) regarding the yields of various agronomic crop species (Mitchell et al., 2012), the effect 
it has on cotton grown in relatively fertile regions such as eastern Arkansas have been scarcely 
examined. Additionally, studies into the effect that Nitamin has on cotton grown in N deficient 
conditions have been lacking as well. 
 It was hypothesized that foliar applications of Nitamin would significantly enhance many 
facets of cotton growth and development when compared to foliar-applied urea and traditional 
soil incorporated N fertilization. In addition, it is also hypothesized that cotton grown in 
scenarios of N deficiency would significantly benefit from foliar applications of Nitamin in 
terms of overall yield. Therefore, the objective of these field trials was to determine the effect of 
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the slow-release foliar-N fertilizer Nitamin, on the growth and yield of field-grown cotton in 
conditions of adequate along with deficient soil N availability. 
 
Materials and Methods 
 
 Field trials were conducted at the Lon Mann Cotton Research Station at Marianna, AR in 
2012 and 2013 in a Memphis silt loam (fine-silty, mixed, active, thermic Typic Hapludalfs) soil. 
In the 2012 trial (henceforth referred to as “Nitamin Rate Trial 1") cotton (Gossypium hirsutum 
L.) cultivar 'Stoneville 4288 B2RF', was planted on May 14, 2012 at a seeding rate of 
approximately 10 seeds/m. Fertilization was performed with accordance to soil tests prior to 
planting and with respect to recommended rates for cotton (Appendix 1). Furrow irrigation was 
performed as needed for ideal growth and adequate soil moisture throughout the growing season. 
Herbicide and pesticide applications were also applied according to University of Arkansas 
Cooperative Extension Service recommendations.  A total of 30 plots, each composed of 4 rows, 
15 m in length with a row spacing of 0.96 m, were used for the experiment.   
 The 2012 trial used a randomized complete block design composed of 5 treatments and 6 
replications. Treatment identifications and respective N rate equivalents are located in Table 1. 
The foliar applications of urea (0.6%) and Nitamin (0.6%) occurred approximately 1 week after 
first flower on July 24, 2012 using a pressurized CO2 backpack sprayer at 30 psi and 4 nozzle 
spray boom equipped with 8002VS spray tips calibrated at a rate of 187 L/ha. During the three 
week sampling period after foliar applications were made, varying degrees of leaf burn were 
noticed in all of the four treatments that received some form of foliar fertilization. A leaf burn 
rating system was used with a scale of 1 to 5 to assess treatment differences; with 1 signifying no 
leaf burn symptoms present and 5 denoting the severest degree of whole leaf burn. 
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 The trial was conducted again in 2013 with the inclusion of an additional foliar treatment. 
The 2013 experiment (henceforth referred to as “Nitamin Rate Trial 2”) was a repeat of the one 
held in 2012 and was again conducted at the Lon Mann Cotton Research Station in Marianna, 
AR. Cotton cultivar 'Stoneville 4288 B2RF', was planted on May 16, 2013 at a seeding rate of 
approximately 10 seeds/m. Fertilization was performed with accordance to soil tests prior to 
planting and with respect to recommended rates for cotton (Appendix 1). Furrow irrigation was 
performed as needed for ideal growth and adequate soil moisture throughout the growing season. 
Herbicide and pesticide applications were also applied according to University of Arkansas 
Cooperative Extension Service recommendations. A total of 30 plots, each composed of 4 rows, 
15 m in length with a row spacing of 0.96 m, were used for the experiment. The 2013 trial used a 
randomized complete block design composed of 6 treatments and 5 replications. Treatment 
identifications and respective N rate equivalents are located in Table 2. All foliar treatments 
other than treatment T5 occurred approximately 1 week after first flower on July 18, 2013 using 
a pressurized CO2 backpack sprayer at 30 psi and 4 nozzle spray boom equipped with 8002VS 
spray tips calibrated at a rate of 187 L/ha.  
 The second field experiment in 2013 (henceforth referred to as “Nitamin Yield Trial”) 
was conducted at the Lon Mann Cotton Research Station in Marianna, AR. Cotton cultivar 
'Stoneville 4288 B2RF' was planted on May 16, 2013 at a seeding rate of approximately 10 
seeds/m. A total of 12 plots, each composed of 4 rows, 15 m in length with a row spacing of 0.96 
m, were used for the experiment. The trial used a randomized complete block design composed 
of 3 treatments and 4 replications. Treatment identifications and respective N rate equivalents are 
located in Table 3. Foliar applications of urea (0.6%) and Nitamin (0.6%) were first made 
approximately 1 week after first flower on July 18, 2013 using a pressurized CO2 backpack 
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sprayer at 30 psi and 4 nozzle spray boom equipped with 8002VS spray tips calibrated at a rate 
of 187 L/ha. At approximately one hour after the foliar applications were made on July 18, 2013 
a severe rainstorm occurred that brought a considerable amount of precipitation to the test site 
(0.13 cm). In order to guarantee effective leaf penetration of foliar applied N, these foliar 
treatments were reapplied on July 26, 2013 using the same aforementioned methods.  
  
Measurements Conducted One Week after Foliar Applications   
    
 In both years of the Nitamin Rate Trials, plant growth and development measurements 
started one week after the initial foliar applications and continued for three weeks. Measurements 
included plant N status by collecting petiole samples from the first fully expanded main-stem 
leaf from five plants per plot. Carbohydrate and total nitrogen (TN) analysis was initiated three 
weeks after the onset of flowering by sampling 10 first position bolls per plot and their 
subtending leaves from main-stem nodes 7-9. Total N analysis of bolls and leaves was only 
performed in the 2013 study. Plant stress analysis concerning the chlorophyll fluorescence 
measurements of electron transport rate (ETR) and chlorophyll yield were collected from five 
plants/plot and measured three weeks after flowering using a Modulated Fluorometer OSI-FL 
(Opti-Science, Tyngsboro, MA)..  
 Additional measurements taken three weeks after flowering included plant height, leaf 
area and plant dry matter. Plant height and plant dry matter measurements were taken from a 1 
meter length of row from 4 replications. Leaf area measurements were taken from 1 replication 
with leaf area data for the other 3 replications calculated by using leaf dry matter that was 
collected for each treatment and replication. Leaf area was measured with a leaf area analyzer 
 33 
(Licor-3100, Licor Inc., Lincoln, NE). For plant dry matter data, the leaves, fruits and stems were 
collected from each plant and dried in an oven at 55°C for one week prior to weighing. All of the 
previously mentioned samples were collected at Marianna and taken back to the University of 
Arkansas Research and Extension Station in Fayetteville, AR for subsequent analysis and data 
preparation. 
 
Yield Measurements 
 
 In both Nitamin Rate trials, measurements taken at plant maturity included boll number, 
boll, lint and seed weights, seedcotton yield and gin turnout. Boll number was determined from 
hand-picked samples within a 1 meter length of row per plot on October 18, 2012 and October 8, 
2013 respectively. Boll weight was determined mathematically by dividing the weight of the 
harvested seedcotton from the 1 meter hand-picked samples by the total number of bolls 
harvested within the 1 meter sample. Lint and seed weights were determined by running the 
harvested bolls from a 1 m hand-picked sample through a micro-gin (Custom Fabricators, Bryan, 
TX) in order to separate the lint and seed. Gin turnout was determined mathematically by 
dividing the lint weight in the harvested seedcotton from the 1 meter hand-picked samples by the 
total weight of the harvested seedcotton from the 1 meter hand-picked samples. After the 1 meter 
hand-picked samples were harvested, the middle 2 rows of each treatment plot were harvested by 
a mechanical picker. The picker was equipped with a weigh cell in order to obtain seedcotton 
yield. Plot weight was expressed in kg/ha. 
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 In the Nitamin Yield Trial, only the yield parameter of seedcotton yield was analyzed. 
Seedcotton yield was determined by a mechanical picker equipped with a weigh cell. Plot weight 
was expressed in kg/ha.  
 
Fiber Quality 
 
  Representative fiber samples from each plot were taken in Marianna, AR and submitted 
to the Louisiana State University Cotton Fiber Testing Laboratory for High Volume Instrument 
(HVI) analysis. Fiber analyses included the following measurements: fiber length, uniformity, 
strength, elongation and micronaire.  
 
Statistical Analyses 
 
  Analysis of variance methods along with Student's t-tests were used to determine any 
significant differences between treatment means at P≤0.05. Blocking was used with the response 
variable distributed among treatments by using the “Fit Model” platform provided by JMP Pro 
10.0 (SAS Institute, Cary, NC). Outliers were excluded from response variable analysis if they 
had values greater than 2 standard deviations from the overall response variable mean. 
 
Results 
 
Nitamin Rate Trial 1 (2012) 
Measurements Conducted One Week after Foliar Applications 
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 Statistical analysis of plant measurements taken three weeks after the applications of 
foliar urea and the three rates of Nitamin registered no significant differences between treatments 
at P≤0.05. Chlorophyll fluorescence measured in yield and ETR, plant height, leaf area and plant 
dry matter measurements taken from leaves, stems, and fruits, also showed no significant 
differences between treatments (Table 4). Carbohydrate and TN status of subtending leaves and 
cotton seeds also exhibited no significant differences between treatments (Tables 5 and 6).  
 Statistical analysis of petiole N status (expressed as %TN) displayed no significant 
differences in the %TN remaining in the petioles during the 3 week sampling interval (Table 7). 
However, leaf burn ratings resulted in significant differences between treatments (P<0.0001) 
(Table 8). According to this rating system, Nitamin treatment T5 (equivalent to 13.5 kg N/ha) 
(Figure 1) exhibited the highest degree of leaf burn. The Nitamin treatment T4 (equivalent to 6.7 
kg N/ha) (Fig. 2) showed significantly less leaf burn than treatment T5 but was significantly 
greater than both Nitamin treatment T3 (equivalent to 3.4 kg N/ha) (Fig. 3) and the foliar urea 
treatment T2 (equivalent of 6.7 kg N/ha) (Fig. 4). The no-foliar-fertilizer applied control 
(treatment T1) showed no signs of leaf burn. 
 
Yield Measurements (2012) 
 
 Statistical analysis of harvest measurements taken from hand-picked samples on October 
18, 2012 displayed no significant differences among treatments at P≤0.05. Gin turnout and boll 
number along with boll, lint, and seed weights registered no significant differences between 
treatments (Table 9). Furthermore, statistical analysis of harvest measurements determined by a 
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mechanical picker on October 23, 2012 expressed no significant differences throughout the 
treatments for seedcotton yield (Table 9).  
 
Fiber Quality (2012) 
 
 Data from HVI fiber analyses conducted by the Louisiana State University Cotton Fiber 
Testing Laboratory showed no significant differences between treatments for fiber uniformity, 
strength, elongation, length, and micronaire at P≤0.05 (Table 10).   
    
Nitamin Rate Trial 2 (2013) 
Measurements Conducted One Week after Foliar Applications 
 
 Statistical analysis of plant measurements taken three weeks after the applications of 
foliar urea and the four rates of Nitamin registered no significant differences between treatments 
at P≤0.05. Chlorophyll fluorescence measured in yield and ETR, plant height, leaf area and plant 
dry matter measurements taken from leaves, stems, and fruits, showed no significant differences 
between treatments (Table 11). The TN status of subtending leaves and cotton seeds was 
determined not to be significant among all foliar treatments (Table 12). Analysis of petiole %TN 
also displayed no significant differences during the 3 week sampling period (Table 13).  
 
 Yield Measurements (2013) 
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 Statistical analysis of harvest measurements taken from hand-picked samples on October 
8, 2013 showed no significant differences among treatments concerning gin turnout and boll 
number along with boll, lint, and seed weights (Table 14). However, statistical analysis of 
harvest measurements determined by a mechanical picker on October 9, 2013 expressed 
significant differences throughout the treatments regarding seedcotton yield (P=0.0031) (Table 
14).  
 
Fiber Quality (2013) 
 
 Analyses of HVI fiber measurements concerning uniformity, strength, elongation, and 
micronaire were determined not to be significant between foliar treatments (Table 15). Contrary 
to the 2012 growing season, where occurrences of leaf burn were prevalent, instances of leaf 
burn were not observed on cotton leaves within their respective treatments.   
 
Nitamin Yield Trial (2013) 
 
    Statistical analysis of harvest measurements determined by a mechanical picker on 
October 9, 2013 expressed significant differences among the treatments for seedcotton yield 
(P=0.0018) (Table 16). Foliar urea and Nitamin were not significantly different from one 
another, but had significantly higher yields than the control at P≤0.05. However, at P≤0.10, all of 
the treatments were significantly different with Nitamin having significantly higher seedcotton 
yields than foliar urea which in turn was significantly higher than the no-foliar-fertilizer applied 
control. 
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Discussion  
 
Nitamin Rate Trial 1 (2012) 
 
 There were no significant differences among the treatments of soil-applied urea 
ammonium nitrate (UAN 32), foliar-applied urea and the three rates of Nitamin in plant 
measurements collected approximately 4 weeks after first flower. Consequently, there were no 
significant differences between the treatments in terms of yield measurements taken either by 
hand-picking or by mechanical means during harvest. These observations are similar to the 
findings of Bednarz et al. (1998), McConnell et al. (1998) and Wiedenfeld et al. (2009) who 
found no significant yield increases with foliar-N fertilizers when there was an adequate supply 
of N in the soil. Although the amount of soil-applied UAN 32 (84.2 kg N/ha) was slightly below 
the levels recommended for Arkansas cotton production (108-112 kg N/ha) (Barber and 
McClelland, 2010), this amount must have been sufficient enough to promote boll development 
and to negate any significant beneficial effects from the foliar treatments.    
 Even though leaf area increased numerically with foliar urea and the two highest rates of 
Nitamin, the subsequent numerical decrease in boll number for these two Nitamin treatments are 
possibly indicative of the slow-release technology that Nitamin utilizes (Koch Agronomic 
Services, 2011). Leaf area is a crucial component of boll development and increases in leaf area 
are usually associated with increases in boll number and overall yield (Oosterhuis and Stewart, 
2004). While the Nitamin treatments had higher percentages of petiole N, this was not reflected 
in yield. Additionally, the exceptional hot and dry season (Appendix 1), along with the 
occurrence of leaf burn, may have affected the uptake and efficiency of leaflets receiving foliar-
applications of both Nitamin and urea (Oosterhuis and Weir, 2010).   
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 Nitamin Rate Trial 2 (2013) 
 
 There were no significant differences among the treatments of soil-applied UAN, foliar-
applied urea and the 4 applications of Nitamin in plant measurements collected approximately 4 
weeks after first flower and during the hand-picked harvest on October 8, 2013. However, there 
were significant differences between the treatments in terms of yield measurements taken by 
mechanical means in terms of the plot weight in kg/ha. In these regards, Nitamin treatment T6 
(equivalent to 13.5 kg N/ha) had statistically higher seedcotton yields than all other Nitamin 
treatments and the control, but was not significantly different than the foliar urea treatment T2 
(equivalent to 6.7 kg N/ha). The foliar urea treatment in turn, was not significantly different than 
Nitamin treatments T3 and T4 (equivalent to 3.4 and 6.7 kg N/ha respectively). Nitamin 
treatment T5 (equivalent to 6.7 kg N/ha), applied at pinhead square, numerically showed the 
lowest seedcotton yields overall and was significantly lower than treatments T2, T4 and T6. This 
illustrates that foliar-applied nutrients are best utilized when applied during the reproductive 
stage just after the onset of first flower regardless of the chemical technology they employ 
(Oosterhuis and Weir, 2010). This is associated with the large increase in the boll load and the 
consequent requirement for nutrients. Since the rate of soil-applied UAN 32 was identical to the 
rate used in 2012, the significant differences noticed in plot weight yield measurements for the 
2013 trial must have been the result of favorable weather conditions throughout the growing 
season apart from soil N status.  
 The effectiveness of the penetration of foliar-applied nutrients into cotton leaves is highly 
dependent on surrounding atmospheric conditions (Zhu, 1989). The ample amounts of rainfall 
and cooler temperatures experienced in 2013 (Appendix 1) may have increased the absorptive 
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capacities of cotton leaves that received applications of urea and Nitamin by reducing the 
possibility of water-deficit stress and by increasing the ability of the waxy platelets on adaxial 
leaf surfaces to intersperse, thereby creating pathways for effective foliar-N infiltration into the 
leaf and subsequent translocation throughout the plant and to the developing bolls (Boynton, 
1954). Conversely, the exceptional hot and dry season of 2012 may have affected the uptake and 
efficiency of leaflets receiving foliar-applied urea and Nitamin by decreasing cuticle platelet 
dispersion (Kannan, 1986), increasing cuticle wax content in an attempt to conserve water 
(Marschner, 1995) and promoting leaf burn (Oosterhuis and Weir, 2010).  
 
Nitamin Yield Trial (2013) 
 
 In this trial, there were significant differences between treatments in terms of yield 
measurements taken by mechanical means in terms of kg/ha at P≤0.10 (Table 16). At the 
significance level of P≤0.05, the Nitamin and foliar urea treatments equivalent to 6.7 kg N/ha 
were not significantly different from each other but were significantly higher than the control. 
However, at P≤0.10, the Nitamin treatment was significantly higher than the foliar urea treatment 
which in turn, was significantly higher than the control. These results demonstrate a favorable 
response to foliar-applied N in cotton cultivated in situations of limited or low soil-N fertility 
(Oosterhuis et al., 1989). The 50.5 kg N/ha rate of soil-incorporated UAN was well below the N 
rates typically recommended for cotton production in Arkansas of 108-112 kg N/ha (Barber and 
McClelland, 2010). This limitation of soil available N may have been the key factor in 
promoting effective absorption and utilization of foliar-applied N by cotton leaves as well as its 
subsequent translocation throughout the plant and to the developing bolls. Similar to Nitamin 
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Rate Trial 2, the significant differences noticed in plot weight yield measurements for this 
experiment may also have been impacted by favorable weather conditions throughout the 
growing season.   
 
Conclusion 
 
 The relative lack of significance for all of the foliar treatments in 2012 was most likely 
due to less than optimum weather conditions experienced in eastern Arkansas throughout the 
growing season. As a result, a higher degree of cuticle resistance probably impeded the main 
route of entry into the leaves for Nitamin and foliar urea. These results demonstrate that foliar-N 
fertilizers may not be effective in increasing cotton yields when applied in high temperature 
conditions.  
 The significant increases in yield in 2013 for Nitamin and foliar urea over the control was 
probably the result of favorable weather conditions that facilitated decreased cuticle resistance, 
less loss to the environment, and the subsequent absorption of more Nitamin and foliar urea into 
the leaves. However, there was no significant difference in the two treatments that registered the 
significantly highest yields; Nitamin at 13.5 kg N/ha and foliar urea at 6.7 kg N/ha. This rate 
increase and the individual cost of these foliar-N fertilizers may be the deciding factors in 
whether cotton producers invest in slow-release foliar-N fertilization for yield enhancement. 
 The significant results for both Nitamin and foliar urea in the study concerning cotton 
grown in N-deficient conditions are indicative of the benefits that foliar-N fertilization can 
deliver in these situations. However, there was no significant difference between Nitamin and 
foliar urea at P≤0.05, although at P≤0.10 Nitamin produced significantly higher yields than foliar 
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urea. Nonetheless, these significant yield increases for both Nitamin and foliar urea in this study 
demonstrate the effectiveness of foliar-N fertilization when soil N is deficient or rendered 
unavailable for plant uptake by a variety of N loss mechanisms and unfavorable environmental 
circumstances.  
 As a result of one cotton cultivar being used in all of these trials, significant responses to 
foliar-N fertilization my vary among other cotton cultivars due to differences in leaf morphology 
and other physical characteristics that may serve to either promote or deter effective foliar-N leaf 
absorption.   
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Table 1. Treatment identifications and nitrogen (N) rates for Nitamin Rate Trial 1 (2012). 
Fertilizer N Applied (kg/ha) 
Treatment Soil-Applied 
UAN 32 (June 12, 
2012) 
Foliar-Applied 
Urea and Nitamin 
(July 24, 2012)§ 
Total N Applied 
(Soil + Foliar) 
N Source 
T1 84.2 0 84.2 UAN 32 
T2 84.2 6.7 90.9 UAN 32 & Foliar Urea 
T3 84.2 3.4 87.6 UAN 32 & Nitamin 
T4 84.2 6.7 90.9 UAN 32 & Nitamin 
T5 84.2 13.5 97.7 UAN 32 & Nitamin 
§All foliar treatments applied approximately one week after first flower. 
 
Table 2. Treatment identifications and nitrogen (N) rates for Nitamin Rate Trial 2 (2013). 
Fertilizer N Applied (kg/ha) 
Treatment Soil-Applied 
UAN 32 (June 20, 
2013) 
Foliar-Applied 
Urea and Nitamin 
(July 26, 2013)§ 
Total N Applied 
(Soil + Foliar) 
N Source 
T1 84.2 0 84.2 UAN 32 
T2 84.2 6.7 90.9 UAN 32 & Foliar Urea 
T3 84.2 3.4 87.6 UAN 32 & Nitamin 
T4 84.2 6.7 90.9 UAN 32 & Nitamin 
T5 84.2 6.7 90.9 UAN 32 & Nitamin 
T6 84.2 13.5 97.7 UAN 32 & Nitamin 
§Treatment T5 was applied at pinhead square. All other foliar treatments applied approximately 
one week after first flower. 
 
Table 3. Treatment identifications and nitrogen (N) rates for the Nitamin Yield Trial (2013). 
Fertilizer N Applied (kg/ha) 
Treatment Soil-Applied 
UAN 32 (June 20, 
2013) 
Foliar-Applied 
Urea and Nitamin 
(July 26, 2013)§ 
Total N Applied 
(Soil + Foliar) 
N Source 
T1 50.5 0 50.5 UAN 32 
T2 50.5 6.7 57.2 UAN 32 & Foliar Urea 
T3 50.5 6.7 57.2 UAN 32 & Nitamin 
§All foliar treatments applied approximately one week after first flower. 
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Table 4. Electron transport rate (ETR), chlorophyll (Chl.) yield, plant height in centimeters (cm), 
leaf area in square centimeters (cm2), leaf dry matter (DM) in grams (g), stem DM, fruit DM and 
total plant DM means per foliar treatment for Nitamin Rate Trial 1. Samples were taken on 
August 15, 2012. 
Treatment ETR Chl. 
Yield 
Plant 
Height 
(cm) 
Leaf 
Area 
(cm2) 
Leaf DM 
(g) 
Stem 
DM (g) 
Fruit 
DM (g) 
Total 
Plant 
DM (g) 
T1 207.05  0.42  63.37  21757  135.83  175.53  215.83  527.19  
T2 185.30  0.46  66.27  22034  131.83  174.12  216.37  522.33  
T3 196.71  0.42  65.35  21819  144.48  190.98  202.49  537.95  
T4 191.96  0.42  65.92  21767  130.77  196.96  186.59  514.32  
T5 192.71  0.46  64.25  22316  137.75  177.61  223.83  539.20  
LSD§  NS§§ NS NS NS NS NS NS NS 
§Least significant difference (P≤0.05). 
§§NS (non-significant). 
 
Table 5. Starch, glucose, fructose and sucrose content means for subtending leaves and first 
position bolls measured in milligram per milligram of dry weight (mg/mg DW) per foliar 
treatment for Nitamin Rate Trial 1 (2012).  
 Subtending Leaves First Position Bolls 
Treatment Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
T1 0.003  0.005  0.004  0.031  0.002  0.002  0.001  0.060  
T2 0.003  0.007  0.006  0.029  0.003  0.002  0.002  0.062  
T3 0.003  0.007  0.006  0.042  0.002  0.002  0.001  0.038  
T4 0.003  0.006  0.006  0.049  0.002  0.002  0.002  0.034  
T5 0.003  0.005  0.004  0.039  0.002  0.001  0.001  0.058  
LSD§ NS§§ NS NS NS NS NS NS NS 
§Least significant difference (P≤0.05). 
§§NS (non-significant). 
 
Table 6. Subtending leaf and first position boll percent total nitrogen (%TN) means per foliar 
treatment for Nitamin Rate Trial 1. Samples were taken on August 15, 2012. 
Treatment Subtending Leaf %TN First Position Boll %TN 
T1 2.35  2.69  
T2 2.53  2.71  
T3 2.39  2.57  
T4 2.46  2.59  
T5 2.58  2.73  
LSD§ NS§§ NS 
§Least significant difference (P≤0.05). 
§§NS (non-significant). 
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Table 7. Petiole percent total nitrogen (%TN) means per foliar treatment for Nitamin Rate 
Trial 1. Samples were taken on August 1, 7 and 15, 2012. 
Treatment Petiole %TN 
(8/1/2012) 
Petiole %TN 
(8/7/2012) 
Petiole %TN 
(8/15/2012) 
T1 1.14  0.97  0.91  
T2 1.18  0.98  0.90  
T3 1.16  1.00  0.90  
T4 1.13  1.01  0.89  
T5 1.21  1.07  0.98  
LSD§ NS§§ NS NS 
§Least significant difference (P≤0.05). 
§§NS (non-significant). 
 
 
Table 8. Leaf burn rating means per foliar treatment for Nitamin Rate Trial 1 (2012). 
Treatment Leaf Burn Rating 
T1 1.00 d§ 
T2 1.83 c 
T3 1.83 c 
T4 3.83 b 
T5 4.66 a 
§Columns sharing a common letter are not significantly different (P≤0.05). 
 
 
 
Table 9. Boll number per meter (#/m), boll weight in grams per boll (g/boll), lint weight and seed 
weight in grams per meter (g/m), percent gin turnout (%) and seedcotton yield in kilograms per 
hectare (kg/ha) means per foliar treatment for Nitamin Rate Trial 1 (2012).   
Treatment Boll #/m Boll Weight 
(g/boll) 
Lint Weight 
(g/m) 
Seed Weight 
(g/m) 
Gin Turnout 
(%) 
Yield 
(kg/ha) 
T1 87.33 4.57 159.18 238.90 40 3877 
T2 90.50 4.35 159.28 235.24 40 4030 
T3 81.33 4.47 146.23 221.03 39 3793 
T4 76.66 4.61 141.33 210.74 40 3896 
T5 76.83 4.54 139.74 208.81 40 3834 
LSD§ NS§§ NS NS NS NS NS 
 §Least significant difference (P≤0.05). 
§§NS (non-significant). 
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Table 10. Fiber length in millimeters (mm), percentage uniformity (%), fiber strength in 
kilonewtons per meter per kilogram (kN m/kg), percent elongation (%) and micronaire means 
per foliar treatment for Nitamin Rate Trial 1 (2012). 
Treatment Length (mm) Uniformity (%) Strength      
(kN m/kg) 
Elongation (%) Micronaire 
T1 29.31 83.05 292.13 7.18 4.86 
T2 28.70 83.25 291.84 7.23 5.01 
T3 28.95 82.90 297.43 7.11 4.98 
T4 28.95 83.55 296.45 7.16 5.10 
T5 29.21 83.46 293.11 7.66 5.03 
LSD§ NS§§ NS NS NS NS 
§Least significant difference (P≤0.05). 
§§NS (non-significant). 
 
 
Table 11. Electron transport rate (ETR), chlorophyll (Chl.) yield, plant height in centimeters 
(cm), leaf area in square centimeters (cm2) and leaf dry matter (DM) in grams (g), stem DM, fruit 
DM and total plant DM means per foliar treatment for Nitamin Rate Trial 2. Samples were taken 
on August 15, 2013. 
Treatment ETR Chl. 
Yield 
Plant 
Height 
(cm) 
Leaf 
Area 
(cm2) 
Leaf DM 
(g) 
Stem 
DM (g) 
Fruit 
DM (g) 
Total 
Plant 
DM (g) 
T1 203.50 0.28 56.37 24790 166.60 167.85 215.38 549.85 
T2 221.57 0.31 56.51 25946 178.61 171.17 186.46 527.49 
T3 204.68 0.28 57.70 29912 188.48 197.67 218.21 604.36 
T4 213.92 0.29 60.37 30582 186.42 193.34 190.13 569.90 
T5 205.41 0.28 56.81 21912 145.93 142.41 182.45 470.79 
T6 198.22 0.28 56.44 24695 158.19 157.86 175.88 491.94 
LSD NS NS NS NS NS NS NS NS 
§Least significant difference (P≤0.05). 
§§NS (non-significant). 
 
 
Table 12. Subtending leaf and first position boll percent total nitrogen (%TN) means per foliar 
treatment for Nitamin Rate Trial 2. Samples were taken on August 15, 2013. 
Treatment Subtending Leaf %TN First Position Boll %TN 
T1 3.26 2.10 
T2 3.45 2.21 
T3 3.25 2.25 
T4 3.53 2.17 
T5 3.01 2.04 
T6 3.55 2.22 
LSD§ NS§§ NS 
§Least significant difference (P≤0.05). 
§§NS (non-significant). 
 
 
 47 
Table 13. Petiole percent total nitrogen (%TN) means per foliar treatment for Nitamin Rate 
Trial 2. Samples were taken on August 4, 8 and 15, 2013. 
Treatment Petiole %TN 
(8/4/2012) 
Petiole %TN 
(8/7/2012) 
Petiole %TN 
(8/15/2012) 
T1 2.05  1.39  1.32  
T2 2.08  1.44  1.44  
T3 2.02  1.39  1.35  
T4 2.00  1.39  1.33  
T5 2.13  1.36  1.17  
T6 2.13  1.46  1.40  
LSD§ NS§§ NS NS 
§Least significant difference (P≤0.05). 
§§NS (non-significant). 
 
Table 14. Boll number per meter (#/m), boll weight in grams per boll (g/boll), lint weight and 
seed weight in grams per meter (g/m), percent gin turnout (%) and seedcotton yield in kilograms 
per hectare (kg/ha) means per foliar treatment for Nitamin Rate Trial 2 (2013). 
Treatment Boll 
(#/m) 
Boll Weight 
(g/boll) 
Lint Weight 
(g/m) 
Seed Weight 
(g/m) 
Gin Turnout 
(%) 
Yield 
(kg/ha) 
T1 79.20 a§ 4.28 a 141.48 a 199.43 a 20 a 4221 cd 
T2 82.20 a 4.31 a 149.95 a 207.85 a 20 a 4429 ab 
T3 82.00 a 4.10 a 141.57 a 198.02 a 20 a 4268 bcd 
T4 73.00 a 4.39 a 134.65 a 187.93 a 20 a 4386 bc 
T5 72.80 a 4.32 a 131.79 a 183.44 a 20 a 4184 d 
T6 79.40 a 4.23 a 139.72 a 196.24 a 20 a 4591 a 
§Columns sharing a common letter are not significantly different (P≤0.05). 
 
Table 15. Fiber length in millimeters (mm), percentage uniformity (%), fiber strength in 
kilonewtons per meter per kilogram (kN m/kg), percent elongation (%) and micronaire means 
per foliar treatment for Nitamin Rate Trial 2 (2013). 
Treatment Length (mm) Uniformity (%) Strength      
(kN m/kg) 
Elongation (%) Micronaire 
T1 28.19  81.48  291.84  8.38  4.44  
T2 28.19  81.86  292.43  8.32  4.56  
T3 28.19  82.08  293.60  8.54  4.50  
T4 28.44  82.30  298.31  8.12  4.40  
T5 28.19  82.26  293.80  8.24  4.54  
T6 28.19  81.86  295.56  8.62  4.34  
LSD§ NS§§ NS NS NS NS 
§Least significant difference (P≤0.05). 
§§NS (non-significant). 
 
 
 48 
Table 16. Seedcotton yield means in kilograms per hectare (kg/ha) per foliar treatment for the 
Nitamin Yield Trial (low soil N) (2013). 
Treatment Yield (kg/ha) 
T1 3215 c§ 
T2 3459 b 
T3 3576 a 
§Columns sharing a common letter are not significantly different (P≤0.10). 
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Figure 1. Leaf burn from Nitamin 
applied at a rate equivalent to 13.5 kg 
N/ha. 
Figure 2. Leaf burn from Nitamin 
applied at a rate equivalent to 6.7 kg 
N/ha. 
Figure 3. Leaf burn from Nitamin 
applied at a rate equivalent to 3.4 kg 
N/ha. 
Figure 4. Leaf burn from foliar urea 
applied at a rate equivalent to 6.7 kg 
N/ha. 
 50 
References 
 
Barber, S.A. 1984. Nitrogen. pp. 179-200. In: S.A. Barber (ed.) Soil Nutrient Bioavailability. 
John Wiley & Sons, New York, NY. 
Barber, T. and B. McClelland. 2010. Arkansas cotton quick facts. University of Arkansas 
Division of Agriculture. University of Arkansas, Fayetteville, AR. 
Bednarz, C.W., N.W. Hopper, and M.G. Hickey. 1998. Effects of foliar fertilization of Texas 
southern high plains cotton: leaf nitrogen and growth parameters. J. Proc. Agric. 11:80-84.  
Bondada, B.R. 1994. Late-season canopy photosynthesis and foliar nitrogen fertilization of 
cotton. Ph.D. diss. University of Arkansas, Fayetteville (Diss. Abstr. AAI9513202). 
Boynton, D. 1954. Nutrition by foliar application. Ann. Rev. Plant Physiol. 5:31-54. 
Craig Jr., C.C. 2002. Nitrogen use efficiency of cotton following corn in rotation and foliar 
fertilization of cotton using leaf blade analysis. Ph.D. diss. Louisiana State University, Baton 
Rouge. 
Foy, C.L. and D.W. Pritchard. 1996. Enhancing Uptake and Translocation of Systematic Active 
Ingredients. pp. 241-296. In C.L. Foy and D.W. Pritchard (eds.) Pesticide Formulation and 
Adjuvant Technology. CRC Press LLC, Boca Raton, FL. 
Gerik, T.J., D.M. Oosterhuis, and H.A. Tolbert. 1998. Managing cotton nitrogen supply. Adv. 
Agron. 64:115-147. 
Kannan, S. 1986. Foliar absorption and translocation of inorganic nutrients. CRC Critical 
Reviews in Plant Sciences. 4:341-375. 
Koch Agronomic Services. 2011. Nitrogen Fertilizers-The Optimal Nitrogen Diet. Available at: 
www.kochfertilizer.com/nitamin (verified 22 September 2014) Koch Agronomic Services, 
Wichita, KS. 
Marschner, H. 1995. Mineral nutrition of higher plants. Academic Press. New York, NY. 
McConnell, J.S., W.H. Baker, B.S. Frizzell, and C.S. Snyder. 1998. Foliar nitrogen fertilization 
of cotton in southeast Arkansas. pp. 38-44. In W.E. Sabbe (ed.) Arkansas Soil Fertility Studies 
1998. University of Arkansas Agricultural Experiment Station Research Series 463. 
Mitchell, C.C., D.B. Waits, and D.P. Moore. 2012. Alternative N sources for corn and cotton in 
Alabama. Bulletin 677. Alabama Agricultural Experiment Station. Auburn University, Auburn, 
AL. 
Oosterhuis, D.M. 2001. Physiology and nutrition of high yielding cotton in the USA. 
Agronómicas Information.95:18-24. 
 51 
Oosterhuis, D.M. and J. McD. Stewart. 2004. Physiological Basis of Yield and Environmental 
Adaptation in Cotton. pp. 363-401. In H.T. Nguyen and A. Blum (eds.) Physiology and 
Biotechnology Integration for Plant Breeding. Marcel Dekker Inc., New York, NY. 
Oosterhuis, D.M. and B.L. Weir. 2010. Foliar Fertilization of Cotton. pp. 272-288. In J. McD. 
Stewart et al. (eds.) Physiology of Cotton. Springer Science+Business Media, New York, NY. 
Oosterhuis, D.M., B. Zhu, and S.D. Wullschleger. 1989. The uptake of foliar-applied nitrogen in 
cotton. pp. 23-26. In D.M. Oosterhuis (ed.) Proc. Cotton Res. Meeting. Monticello, AR. 14 Feb. 
1989. Spec. Rep. 138. Arkansas Agric. Exp. Stn., Fayetteville. 
Silvertooth, J.C., K.L.Edmisten, and W.H. McCarty. 1999. Production practices. pp. 451-488. In 
C.W. Smith and J.T. Cothren (eds.) Cotton: origin, history, technology and production. John 
Wiley & Sons, New York, NY. 
Wiedenfeld, B., B.W. Wallace, and F. Hons. 2009. Foliar Application of Urea and Triazone 
Nitrogen to Cotton. J. Plant Nutr. 32:274-286. 
Zhu,B. 1989. The absorption and translocation of foliar-applied nitrogen in cotton. Master’s 
Thesis. University of Arkansas, Fayetteville. 
 
 
 
 
 
  
 52 
Appendix 1  
 
Chapter I 
 
Table 1. Soil test analysis prior to planting for Nitamin Rate Trial 1 (2012). 
pH P K Ca Mg SO4-S Zn Fe Mn Cu B NO3-N 
 mg/kg 
6.8 66 170 1598 350 13 1.3 168 55 1.2 0.3 4 
 
Table 2. Soil test analysis prior to planting for the 2013 Nitamin Rate and Yield Trials. 
pH P K Ca Mg SO4-S Zn Fe Mn Cu B NO3-N 
 mg/kg 
7.3 50 100 926 189 6 1.0 116 57 0.9 0.0 5 
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Figure 1. Meteorological data for Marianna, AR during the 2012 growing season, showing the 
warmer than average temperatures during the mid-season flowering period. 
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Figure 2. Meteorological data for Marianna, AR during the 2013 growing season. 
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Chapter II 
 
Assessment of the Slow-Release Nitrogen Foliar Fertilizer Nitamin® in Comparison to 
Foliar Urea Concerning Cotton Growth and Development under Conditions of 
Environmental Stress 
 
Abstract 
 
The effectiveness of foliar-nitrogen (N) fertilization in cotton production is highly dependent on 
environmental conditions during application. Environmental stresses such as high temperature, 
low humidity and water-deficit stress can severely inhibit the penetration and subsequent 
translocation of foliar-applied N through the leaves to the developing bolls. While numerous 
types of foliar-N fertilizers such as foliar urea have been shown to enhance cotton development 
in a variety of environments, the effects of environmental stress concerning slow-release foliar-N 
fertilizers such as Nitamin® have not been documented. Growth chamber experiments were 
conducted in 2013 and 2014 to determine the efficacy of foliar-applied urea and Nitamin on the 
growth and development of cotton when applied at different rates and in conditions of 
environmental stress. Foliar fertilizer treatments in all experiments consisted of a control with no 
foliar fertilizer applied, foliar-applied urea and Nitamin. In the first set of experiments, one 
application of foliar urea and Nitamin was made at 6.7 kg N/hectare (ha), and in the second set 
two applications were made at 11.23 kg N/ha. Foliar applications were made at first flower. 
Environmental treatments included low humidity/high humidity, high temperature 
(40/24°C)/control temperature (32/24°C) and well-watered/water-deficit. Although these 
environmental stress treatments were influential throughout the majority of these trials regarding 
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the efficacy of applied foliar-N, there were scarcely any significant differences regarding the 
foliar treatment main effect. However, numerical differences between foliar fertilizers suggested 
that foliar urea-N is translocated and assimilated with a greater efficiency than Nitamin-N 
regardless of environmental conditions; possibly due to a quicker uptake potential versus slow-
release technology. Additionally, foliar urea had numerical advantages in many vital growth 
parameters such as boll number and fruit dry matter. These results show that due to the short 
application window in which foliar-N fertilization is considered beneficial, the slow-release 
technology employed by Nitamin may render it unproductive for cotton production when 
compared to foliar urea and examined under controlled climate conditions.   
 
Introduction  
 
 Cotton requires a substantial amount of nitrogen (N) fertilization in order to achieve 
proper growth and development throughout a growing season. Due to the numerous pathways 
that soil-applied N fertilizers can be lost and made unavailable for plant uptake (Barber, 1984), 
the application of N via foliar fertilization is considered a beneficial method of supplying N to N 
deficient cotton (Craig Jr., 2002). Although there are many concerns involving the effectiveness 
of foliar-N fertilization in cotton production such as the rate and timing of foliar-N applications, 
the effects that environmental stress conditions such as low humidity, high ambient temperatures 
and water deficit can also be vital factors in determining the efficiency of foliar-applied N as 
well.  
 In high humidity conditions, the moisture surrounding the cotton canopy reduces 
respiration and allows water to remain on the surface of cotton leaves (Bidlack and Jansky, 
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2011), by an increase in the boundary layer and a lower vapor pressure deficit. The resulting 
boundary layer keeps this moisture from quickly evaporating into the atmosphere along with 
dispersing cuticle platelets that can promote foliar N penetration into the leaf (Zhu, 1989). 
Conversely, in low humidity environments, drier air conditions prevail which result in increased 
rates of transpiration (Bidlack and Jansky, 2011) that reduces the amount of surface leaf 
moisture. As a result, cuticle platelets become more constricted and the infiltration of applied 
foliar-N is impaired (Kannan, 1986). 
 High ambient temperatures and water-deficit stress are closely related in regards to their 
effects on cotton leaf physiology and subsequent penetration of foliar-applied N (Oosterhuis and 
Weir, 2010). Cotton leaves exposed to both high temperatures and water deficit restrict water 
loss through the constriction of cuticle platelets and stomatal closure; thus inhibiting the cuticular 
pathway which is favored for foliar-N penetration (Foy and Pritchard, 1996). Additionally, the 
application of foliar-N fertilizers such as foliar urea (46-0-0) (N-P-K) in high temperature 
environments can result in severe cases of leaf burn that can have detrimental effects on leaf 
physiological functions such as photosynthesis and translocation (Oosterhuis, 2001). 
Furthermore, water-deficit stress greatly reduces the translocation of photosynthates and 
nutrients out of the leaves (Loka et al., 2011), and consequently, foliar-N fertilizers applied may 
be unproductive and uneconomical. 
 In response to the effects that environmental stress conditions can have on the efficacy of 
foliar-N fertilizers in cotton production, a plethora of foliar-N fertilizers have been created in 
order to overcome these climatic obstacles. One such product, Nitamin® (30-0-0), employs a 
chemical technology that allows foliar-N to adhere to the leaf surface and be slowly released 
over time (Koch Agronomic Services, 2011). This slow-release characteristic along with a 
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viscous consistency that increases its residence time on cotton leaves can greatly decrease the 
potential for Nitamin-N to precipitate out of solution and volatilize into the surrounding air 
(Burke, Chapter 3). Although recent research has shown Nitamin to not be significantly different 
than foliar urea concerning yields of a number of agronomic crops (Mitchell et al., 2012), the 
effect it has on cotton developmental parameters such as chlorophyll yield, leaf area and plant 
dry matter have not been investigated. 
 It was hypothesized that foliar applications of Nitamin would significantly increase many 
aspects of cotton growth and development in comparison to foliar urea and in a variety of 
environmental conditions. Therefore, the objective of these experiments was to determine the 
effect of the slow-release foliar-N fertilizer Nitamin, on the growth and development of cotton 
grown in controlled environments of low or high humidity, normal or high temperature, and 
well-watered and water-deficit stress conditions.  
 
Materials and Methods 
 
 Growth chamber studies were conducted at the Altheimer Laboratory located at the 
University of Arkansas Agricultural Research and Extension Center from 2013-2014. Each study 
dedicated to a particular environmental stress (humidity, temperature, and water-deficit stress) 
was performed once and then repeated with increased rates of the foliar-applied N fertilizers 
Nitamin and urea. In the first set of experiments, one application of foliar urea (0.6%) and 
Nitamin (0.6%) was made at a rate equivalent of 6.7 kg N/ha and in the second set; two 
applications of foliar urea (1%) and Nitamin (1%) were made at rate equivalents of 11.23 kg 
N/ha. All foliar applications were made using a pressurized CO2 backpack sprayer at 30 psi and 
2 nozzle spray boom with 8002VS spray tips calibrated at a rate of 187 liters (L)/ha. Foliar 
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applications were made at first flower. All environmental stress experiments employed a 
complete randomized design consisting of 6 treatments and 4 replications. In each experiment, 
cotton (Gossypium hirsutum L.) cultivar 'Stoneville 4288 B2RF' was planted at a seeding rate of 
3 seeds per pot and to a depth of 2.5 cm. Two weeks after planting, plants were thinned to one 
plant per pot.  A total of 24 2-L pots, filled with a horticultural growing media (SunGro 
Distribution Inc., Bellevue, WA) with no nutrient charge, were used for each stress experiment. 
Watering with deionized water was performed as needed until the emergence of the first true 
leaf, whereupon the plants were watered with half-strength Hoagland’s nutrient solution in order 
to assure vigorous growth. Plants were initially grown in a growth chamber (Model PGW36, 
Conviron, Winnipeg, Canada) programmed at 32/24°C (day/night) temperatures and 14 hr 
photoperiods. 
 
Effect of Humidity Stress 
 
 Cotton seeds were planted on February 7, 2013 in preparation for the first humidity stress 
experiment (henceforth referred to as "Humidity Stress Experiment 1") and placed in a single 
growth chamber. A dehumidifier was then placed in this growth chamber on March 6, 2013 in 
order to provide a relative humidity (RH) range of 55-60%. On March 19, 2013, this 
dehumidifier was lowered to deliver 40% RH. One-half of the plants used in the experiment were 
relocated to another growth chamber on March 21, 2013 at the growth stage of first flower. Both 
growth chambers were programmed to 32/24°C (day/night) temperatures and 14 hr photoperiods. 
The only difference between the growth chambers were the RH levels with one chamber having 
a RH range of 37-54% (Low) and the other chamber having a RH range of 61-76% (High). The 
foliar applications of urea and Nitamin occurred one day after the onset of humidity treatments 
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on March 22, 2013. After foliar applications, the plants were grown for an additional 11 days. 
The experiment ended on April 2, 2013 with the recording of plant measurements and the 
harvesting of plant biomass. 
 In the second humidity stress experiment (henceforth referred to as "Humidity Stress 
Experiment 2"), cotton seeds were planted on October 4, 2013 and placed in a single growth 
chamber. A dehumidifier was then placed in this growth chamber on November 21, 2013 in 
order to deliver 40% RH. One-half of the plants used in the experiment were relocated to another 
growth chamber on November 25, 2013 at the growth stage of first flower. Both growth 
chambers were programmed to 32/24C (day/night) temperatures and 14 hr photoperiods. The 
only difference between the growth chambers were the RH levels with one chamber having a RH 
range of 39-55% (Low) and the other chamber having a RH range of 56-71% (High). The foliar 
applications of urea and Nitamin occurred two days after the onset of humidity stress on 
November 27, 2013 and a second foliar application of Nitamin and urea occurred on December 
4, 2013 using the same rates and methods as in the previous foliar application. After the second 
round of foliar applications, the plants were grown for an additional six days. The experiment 
ended on December 10, 2013 with the recording of plant measurements and the harvesting of 
plant biomass. The analyses and results of both humidity stress experiments will be presented as 
"Humidity Stress Experiment 1" and "Humidity Stress Experiment 2", respectively. Due to the 
loss of a degree of freedom concerning the humidity treatment in both experiments, only the 
foliar treatment main effect was statistically analyzed within each respective humidity regime 
while inferences will be made as to the effects of low and high humidity on foliar-N efficiency. 
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Effect of Temperature Stress 
 
 Cotton seeds were planted on April 4, 2013 in preparation for the first temperature stress 
experiment (henceforth referred to as "Temperature Stress Experiment 1") in a single growth 
chamber. One-half of the plants used in the experiment were relocated to another growth 
chamber on May 18, 2013 at the growth stage of first flower. The only difference between the 
growth chambers were the temperature settings with one chamber having a temperature range of 
32/24°C (Control) and the other chamber having a temperature range of 40/24°C (High). The 
foliar applications of urea and Nitamin occurred one day after the onset of temperature stress on 
May 19, 2013. After foliar applications, the plants were grown for an additional 11 days. The 
experiment ended on May 30, 2013 with the recording of plant measurements and the harvesting 
of plant biomass. 
 In the next temperature stress experiment (henceforth referred to as "Temperature Stress 
Experiment 2"), cotton seeds were planted on December 19, 2013 in a single growth chamber. 
One-half of the plants used in the experiment were relocated to another growth chamber on 
February 2, 2014 at the growth stage of first flower. The temperature settings were identical to 
the ones used in “Temperature Stress Experiment 1”. The foliar applications of urea and Nitamin 
occurred one day after the onset of temperature stress on February 3, 2014 and a second foliar 
application of Nitamin and urea occurred on February 11, 2014 using the same rates and methods 
as in the previous foliar applications. After foliar applications, the plants were grown for an 
additional four days. The experiment ended on February 14-15, 2014 with the recording of plant 
measurements and the harvesting of plant biomass. The analyses and results of both temperature 
stress experiments will be presented as "Temperature Stress Experiment 1" and "Temperature 
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Stress Experiment 2", respectively. Due to the loss of a degree of freedom concerning the 
temperature treatment in both experiments, only the foliar treatment main effect will be 
statistically analyzed within each respective temperature treatment while inferences will be made 
as to the effects of varying temperature levels on foliar-N efficiency. 
 
Effect of Water-Deficit Stress 
 
 Cotton seeds were planted on May 31, 2013 for the first water-deficit stress experiment 
(henceforth referred to as "Water-Deficit Stress Experiment 1") in a single growth chamber. On 
July 16, 2003 water deficit stress was initiated by assigning watering treatments to random 
plants. Plants that were designated as receiving the well-watered check treatment received 250 
mL/day/plant while the plants selected for the water deficit stress treatment were withheld water 
until the plants had attained visual wilting whereupon the plants received 125 mL/day/plant. The 
foliar applications of urea and Nitamin occurred five days after the onset of water stress on July 
21, 2013. After foliar applications, the plants were grown for an additional 11 days. The 
experiment ended on August 1, 2013 with the recording of plant measurements and the 
harvesting of plant biomass. 
 In the second water deficit stress experiment (henceforth referred to as "Water-Deficit 
Stress Experiment 2"), cotton seeds were planted on July 24, 2013 in a single growth chamber. 
On September 4, 2013 water stress was initiated by assigning watering treatments to random 
plants using the same methods as in “Water-Deficit Stress Experiment 1”. The foliar applications 
of urea and Nitamin occurred five days after the onset of water stress on September 9, 2013 and 
a second foliar application of Nitamin and urea occurred on September 16, 2013 using the same 
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rates and methods as in the previous foliar applications. After the second round of foliar 
applications, the plants were grown for an additional four days. The experiment ended on 
September 20, 2013 with the recording of plant measurements and the harvesting of plant 
biomass. The analyses and results of both water-deficit stress experiments will be presented as 
"Water-Deficit Stress Experiment 1" and "Water-Deficit Stress Experiment 2" respectively. In 
addition, each experiment will be followed by analyses of foliar treatments within their 
respective watering regimes. 
 
Measurements Conducted  
 
 At the conclusion of each environmental stress experiment, approximately eight weeks 
after planting, a range of plant developmental measurements were conducted. Plant N status was 
determined by sampling petioles from the first fully-expanded main-stem leaf from each 
replication within each respective treatment. The petioles and main-stem leaves were sent to the 
University of Arkansas Soil and Plant Diagnostic Laboratory in Fayetteville for percent total 
nitrogen (%TN) analysis. Carbohydrate status of first position flower ovaries and their 
subtending leaves were determined by sampling one flower per replication along with their 
corresponding subtending leaf from main-stem nodes 7-9. The subtending leaves and ovaries 
were dried and then ground for carbohydrate analysis using the method established by Hendrix 
(1993). The chlorophyll fluorescence measurements of electron transport rate (ETR) and yield 
were taken from every treatment replication from the fourth uppermost main-stem leaf from 
11:00 a.m. until 1:00 p.m. and measured with a Modulated Fluorometer OSI-FL (Opti-Science, 
Tyngsboro, MA). Stomatal conductance measurements were made from the fourth uppermost 
 64 
main-stem leaf from 12:00 p.m. until 2:00 p.m. using a LICOR 1600 porometer (LICOR Inc., 
Lincoln, NE) with units in millimoles per square meter per second (mmol/m2s). Plant height was 
measured from the soil surface to the plant apical meristem along with the number of nodes per 
plant.  For plant dry matter (DM) weight data, the leaves, fruits and stems were collected from 
each plant and dried in an oven at 55°C for one week prior to weighing. Leaf area was calculated 
by removing every leaf of an individual plant and processing with a leaf area analyzer (Licor-
3100, Licor Inc., Lincoln, NE). These values were expressed as total leaf area per plant. The 
number of fruits for each plant was determined by partitioning and totaling the fruit numbers by 
their respective growth stages (squares, flowers, and bolls).  
 
Statistical Analyses 
 
 In both sets of the humidity and temperature stress experiments, analysis of variance 
methods along with Student's t-tests were used to determine any significant differences between 
foliar treatments at the P≤0.05 level. In both water-deficit stress experiments, analysis of 
variance methods and Student's t-tests were used to determine any significant differences 
between foliar treatments, watering treatments and/or possible interactions between foliar and 
watering treatments in a 3 x 2 full factorial arrangement at P≤0.05. The response variables for 
each statistical model were analyzed by using the “Fit Model” platform provided by JMP Pro 
10.0 and 11 (SAS Institute, Cary, NC). In both statistical models, outliers were excluded from 
response variable analysis if the outliers had values greater than 2 standard deviations from the 
overall response variable mean. 
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Results  
 
Effect of Humidity Stress 
Humidity Stress Experiment 1 (Low Humidity Treatment) (37-54% RH) 
  
 
  Foliar urea and Nitamin only showed significance between foliar treatments at P≤0.05 in 
boll number which was significant at P=0.0181 (Table 1). Nitamin had a significantly higher 
number of bolls than the control, but was not significantly different than foliar urea which was 
not significantly different from the other treatments. Plant DM measurements taken from leaves, 
stems and fruits showed no significant differences between foliar treatments (Table 1). There 
were no significant differences among foliar treatments in the %TN remaining in the petioles, 
but the %TN remaining in the main-stem leaves was significant between foliar treatments at 
P=0.0115 (Table 2). Nitamin had a significantly higher main-stem leaf %TN than the control, but 
was not significantly different than foliar urea which was not significantly different from the 
other treatments. Carbohydrate analyses of first position flower ovaries and subtending leaves 
were determined to be non-significant between foliar treatments (Appendix 2).  
 
Humidity Stress Experiment 1 (High Humidity Treatment) (61-76% RH) 
 
 Foliar urea and Nitamin showed no significant differences between foliar treatments 
within the high humidity treatment at P≤0.05 (Table 1) except for chlorophyll yield which was 
significant at P=0.0394 (Table 2). Nitamin had a significantly higher chlorophyll yield than foliar 
urea and the control which were not significantly different from one another. Plant DM 
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measurements taken from leaves, stems, and fruits showed no significant differences between 
foliar treatments (Table 1). The %TN status of main-stem leaves and petioles also displayed no 
significant differences among foliar treatments (Table 2). Carbohydrate analyses were 
determined to be significant between foliar treatments in the starch content of first position 
flower ovaries (P=0.0067) and their subtending leaves (P=0.0215) (Appendix 2). Foliar urea had 
a significantly higher starch content than Nitamin and the control in the subtending leaves and 
Nitamin had a significantly higher starch content than foliar urea and the control in the ovaries.  
  
Humidity Stress Experiment 2 
 
Humidity Stress Experiment 2 (Low Humidity Treatment) (39-55% RH) 
 
 Foliar urea and Nitamin displayed no significant differences between foliar treatments 
within the low humidity treatment at P≤0.05 in terms of fruit numbers (Table 3), plant height or 
leaf area (Table 4). Plant DM measurements taken from leaves, stems, flowers, squares and bolls 
showed no significant differences between foliar treatments (Table 3). Chlorophyll 
measurements of ETR and yield were also determined to be non-significant among foliar 
treatments (Table 4). The %TN in petioles was determined to be non-significant, but the %TN in 
main-stem leaves was found to be significant at P=0.0020 with Nitamin having the highest main-
stem leaf %TN which was significantly higher than foliar urea which in turn, was significantly 
higher than the control (Table 4). Carbohydrate analysis was only significant in the glucose 
content of first position flower ovaries at P=0.0419 with foliar urea having a significantly higher 
glucose content than Nitamin and the control which were not significantly different (Appendix 
2).  
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Humidity Stress Experiment 2 (High Humidity Treatment) (56-71% RH) 
 
 Foliar urea and Nitamin displayed significant differences between foliar treatments 
within the high humidity treatment at P≤0.05 in square number (P=0.0162) (Table 3), ETR 
(P=0.0007) and chlorophyll yield which was significant at P=0.0315 (Table 4). The control had a 
significantly higher number of squares over foliar urea and Nitamin which were not significantly 
different from each other. For ETR, foliar urea and the control had significantly higher values 
than Nitamin and were not significantly different from one another. Foliar urea had the highest 
chlorophyll yield over Nitamin but was not significantly different than the control, which in turn 
was not significantly different from the other treatments. Plant DM measurements taken from 
leaves, stems, flowers and bolls showed no significant differences between foliar treatments 
(Table 3). The %TN in petioles was shown to be non-significant, but the %TN of main-stem 
leaves was determined to be significant between foliar treatments at P=0.0004 with foliar urea 
and Nitamin being significantly higher in main-stem leaf %TN than the control, but were not 
significantly different from one another (Table 4). Carbohydrate analyses were determined to be 
non-significant between foliar treatments (Appendix 2). 
 
Effect of Temperature Stress 
Temperature Stress Experiment 1 (High Temperature Stress Treatment) (40/24°C) 
 
 There were no significant differences between foliar treatments at P≤0.05 (Table 5) with 
the exceptions of leaf area which was significant at P=0.0232 and ETR which was significant at 
P=0.0147 (Table 6). For leaf area, Nitamin and the control were not significantly different, but 
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were significantly higher than foliar urea. ETR analysis determined that the control was 
significantly higher than foliar urea, but was not significantly different than Nitamin which was 
not significantly different from the other treatments. Plant DM measurements taken from leaves, 
stems, and fruits, also showed no significant differences between foliar treatments (Table 5). 
There were no significant differences among foliar treatments in the %TN remaining in the 
petioles, but the %TN remaining in main-stem leaves was significant between foliar treatments at 
P=0.0273 with foliar urea and Nitamin being significantly higher in main-stem leaf %TN than 
the control (Table 6). The foliar urea and Nitamin treatments were not significantly different 
from each other. Carbohydrate analyses concerning first position flower ovaries and their 
subtending leaves were determined to be non-significant among foliar treatments (Appendix 2). 
 
Temperature Stress Experiment 1 (Control Temperature Treatment) (32/24°C) 
 
 Foliar urea and Nitamin showed no significant differences between foliar treatments at 
P≤0.05 in fruit numbers (Table 5), plant height, and leaf area or chlorophyll measurements 
(Table 6). Plant DM measurements taken from leaves, stems, and fruits, also showed no 
significant differences between foliar treatments (Table 5). There were no significant differences 
among foliar treatments in the %TN remaining in the petioles or in main-stem leaves (Table 6). 
Carbohydrate analysis showed that fructose content of first position flower ovaries was 
significantly different between foliar treatments at P=0.0425 with foliar urea having a 
significantly higher fructose content than Nitamin while not being significantly different than the 
control which was not significantly different from the other foliar treatments (Appendix 2).  
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Temperature Stress Experiment 2 
 
Temperature Stress Experiment 2 (High Temperature Stress Treatment) (40/24°C) 
 
 Foliar urea and Nitamin showed no significant differences between foliar treatments at 
P≤0.05 in terms of fruit numbers (Table 7), plant height, and leaf area or chlorophyll 
measurements (Table 8). Plant DM measurements taken from leaves, stems, and fruits, also 
showed no significant differences between foliar treatments (Table 7). There were no significant 
differences among foliar treatments in the %TN remaining in the petioles, but the %TN 
remaining in main-stem leaves was significant between foliar treatments at P<0.0001 with foliar 
urea and Nitamin being significantly higher in main-stem leaf %TN than the control (Table 8). 
The treatments foliar urea and Nitamin were not significantly different. Carbohydrate analyses 
were non-significant among foliar treatments (Appendix 2). 
 
Temperature Stress Experiment 2 (Control Temperature Treatment) (32/24°C) 
 
 Foliar urea and Nitamin showed significant differences at P≤0.05 in the number of 
squares (P=0.0073) and the number of bolls (P=0.0180) (Table 7). For square numbers, foliar 
urea and the control produced significantly higher square numbers than Nitamin and were not 
significantly different from one another. For boll numbers, Nitamin and foliar urea generated 
significantly higher boll numbers than the control while not being significantly different from 
each other. Plant DM measurements taken from leaves, stems, and fruits, also showed no 
significant differences between foliar treatments (Table 7). There were no significant differences 
in the %TN remaining in the petioles, but the %TN remaining in main-stem leaves was 
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significant at P=0.0019 with foliar urea and Nitamin being significantly higher in main-stem leaf 
%TN than the control (Table 8). The treatments foliar urea and Nitamin were not significantly 
different. Carbohydrate analyses were non-significant between foliar treatments (Appendix 2). 
 
Effect of Water-Deficit Stress 
Water-Deficit Stress Experiment 1 
 
 Foliar urea and Nitamin showed no significant differences between foliar treatments at 
P≤0.05  with the exception of node number which was significant at P=0.0076 (Table 9). 
Analysis of node number determined that foliar urea was significantly higher than Nitamin while 
not being significantly different than the control which in turn, was not significantly different 
from the other foliar treatments. Additional measurements of plant height and leaf area showed 
no significant differences between foliar treatments (Table 10). Plant DM measurements taken 
from leaves and stems showed no significant differences between foliar treatments while 
significant differences were observed in total fruit DM (P=0.0345) (Table 9). Fruit DM analysis 
showed that foliar urea was significantly higher than Nitamin while not being significantly 
different than the control. The control in turn, was not significantly different from the other foliar 
treatments.  There were significant differences among foliar treatments in the %TN remaining in 
the petioles (P=0.0373) and the %TN remaining in main-stem leaves (P=0.0083) (Table 10). 
Petiole %TN analysis determined that foliar urea and Nitamin were significantly higher than the 
control, but were not significantly different from each other. Main-stem leaf %TN analysis 
showed that Nitamin was significantly higher than foliar urea and the control. The control and 
foliar urea treatments were not significantly different. Carbohydrate analysis of the sucrose 
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content of first position flower subtending leaves was significant (P=0.0099) among foliar 
treatments with the control being significantly higher than foliar urea and Nitamin which were 
not significantly different from one another (Appendix 2).   
 Response variables of significance with respect to the watering treatments included the 
number of squares (P<0.0001) and the number of flowers (P<0.0001) (Table 11). Additional 
measurements of plant height, leaf area and chlorophyll yield showed no significant differences 
between watering treatments (Table 12). Plant DM measurements were significant concerning 
the watering treatment main effect in stem DM (P=0.0041), fruit DM (P=0.0312) and total plant 
DM (P=0.0048) (Table 11). In all these response variables, the well-watered treatment was 
significantly greater than the water-deficit stress treatment. The watering treatment main effect 
was significant concerning the %TN remaining in petioles (P<0.0001) and main-stem leaves 
(P=0.0002) with the water-deficit stress treatment having a significantly higher %TN in both 
plant organs over the well-watered treatment (Table 12). Carbohydrate analysis showed that only 
fructose (P=0.0093) and sucrose contents (P=0.0030) of subtending leaves were significantly 
different between watering regimes (Appendix 2). The well-watered treatment had a significantly 
higher fructose content while the water-deficit stress treatment had a significantly higher sucrose 
content than the well-watered treatment.   
 Observance of interaction between the foliar and watering treatments were noticed in the 
measurement of ETR which was significant at P=0.0022 (Table 13). Electron transport rate 
analysis determined that the urea/well-watered treatment (U/WW) had a significantly higher 
ETR than treatments Nitamin/water-stressed (N/WS), control/well-watered (C/WW), 
control/water-stressed (C/WS) and Nitamin/well-watered (N/WW). The treatment urea/water-
stressed (U/WS) was not significantly different than treatments U/WW, N/WS, C/WW and 
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C/WS but was significantly different than treatment N/WW. The treatments N/WS, C/WW and 
C/WS were not significantly different from one another but were significantly different than 
treatment N/WW. Interaction was also observed in the starch content of first position flower 
ovaries (P=0.0033) and in the starch content of subtending leaves (P=0.0063) (Table 14). For the 
starch content of ovaries, treatment N/WS was significantly higher than all the other treatments 
which in turn, were not significantly different from each other. For the starch content of 
subtending leaves, treatment N/WS was significantly higher than the other treatments. Treatment 
U/WS was significantly higher than treatment N/WW but was not significantly different than 
treatments C/WS, C/WW and U/WS. 
 
Water-Deficit Stress Experiment 1 (Water-Deficit Stress Treatment) 
 
 There were no significant differences between foliar treatments at P≤0.05 (Table 15) 
except for ETR which was significant at P=0.0327 with foliar urea having a significantly higher 
ETR than the control while not being significantly different than Nitamin (Table 16). Nitamin 
was not significantly different than the other foliar treatments. Plant DM measurements taken 
from leaves, stems, flowers and squares showed no significant differences between foliar 
treatments (Table 15). There were no significant differences among foliar treatments in the %TN 
remaining in the petioles, but the %TN remaining in main-stem leaves was significant between 
foliar treatments (P=0.0224) with Nitamin having a significantly higher main-stem leaf  %TN 
than foliar urea and the control (Table 16). The foliar urea and control treatments were not 
significantly different. Starch content of first position flower ovaries was determined to be 
significant among foliar treatments at P=0.0152 with Nitamin having a significantly higher 
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starch content than foliar urea and the control which in turn, were not significantly different 
(Appendix 2). Additionally, the starch (P=0.0289) and sucrose (P=0.0027) contents of 
subtending leaves were also found to be significantly different between foliar treatments 
(Appendix 2). For subtending leaves, Nitamin had a significantly higher starch content than 
foliar urea and the control which in turn, were not significantly different while Nitamin and the 
control had significantly higher sucrose contents than foliar urea. The control and Nitamin 
treatments were not significantly different.  
 
Water-Deficit Stress Experiment 1 (Well-Watered Treatment) 
 
 There were no significant differences between foliar treatments at P≤0.05 (Table 15), 
except for ETR which was significant at P=0.0002 (Table 16). Electron transport rate analysis 
determined that foliar urea had a significantly higher ETR than the control which was 
significantly higher than Nitamin. Plant DM measurements taken from leaves, stems, flowers 
and squares showed no significant differences between foliar treatments (Table 15). The %TN 
status of petioles and main-stem leaves displayed no significant differences among foliar 
treatments (Table 16). The starch (P=0.0244) and sucrose (P=0.0482) contents of first position 
flower ovaries was significant among foliar treatments while the fructose content of the 
subtending leaves was significant between foliar treatments at P=0.0115 (Appendix 2). For ovary 
starch content, Nitamin and foliar urea had significantly higher starch contents than the control, 
but were not significantly different from each other. Ovary sucrose analysis showed that Nitamin 
was significantly higher in sucrose content than the control but was not significantly higher than 
foliar urea which in turn, was not significantly different from the other foliar treatments. For the 
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fructose content of subtending leaves, the control had a significantly higher fructose content than 
foliar urea and Nitamin which were not significantly different from one another.        
 
Water-Deficit Stress Experiment 2 
 
 There were no significant differences between foliar treatments at P≤0.05 in the response 
variables of fruit numbers (Table 17), plant height and leaf area (Table 18). Plant DM 
measurements taken from leaves, stems, flowers and squares showed no significant differences 
between foliar treatments (Table 17). Percent TN status showed no significant differences among 
foliar treatments in the %TN remaining in the petioles (Table 18). Carbohydrate analyses for first 
position flower ovaries and subtending leaves were determined to be non-significant concerning 
the foliar treatment main effect (Appendix 2). Stomatal conductance and leaf elongation of first 
fully expanded main-stem leaves were determined to be non-significant for the foliar treatment 
main effect (Tables 19 and 20 respectively). 
 Response variables of significance with respect to the watering treatments included the 
number of nodes (P<0.0001), the number of squares (P=0.0007), the number of flowers 
(P<0.0001) and boll number (P=0.0004) (Table 21). Additional measurements of plant height 
(P=0.0437), leaf area (P<0.0001) and chlorophyll yield (P=0.0152) showed significant 
differences between watering treatments (Table 22). Plant DM measurements were also 
significant concerning the water treatment main effect in leaf DM (P<0.0001), stem DM 
(P<0.0001), total fruit DM (P<0.0001) and total plant DM (P<0.0001) (Table 21). In all of these 
response variables (except for chlorophyll yield), the well-watered treatment was significantly 
higher than the water-deficit stress treatment. Carbohydrate analysis concerning the starch 
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content of subtending leaves was determined to be significant (P=0.0303) with the well-watered 
treatment being significantly greater than the water-deficit stress treatment (Appendix 2). 
Additionally, no significance was found in the carbohydrate contents of first position flower 
ovaries within the watering treatments (Appendix 2). Stomatal conductance measurements were 
significant for the water-deficit stress treatment main effect (P<0.0001) with the well-watered 
treatment having a significantly higher conductance than the water-deficit stress treatment for all 
sampling dates (Table 23). Leaf elongation was determined to be non-significant among 
watering treatments (Table 24).  
 Interaction was observed between the foliar and watering treatments in ETR (P=0.0033) 
(Table 25) and the %TN remaining in main-stem leaves (P=0.0415) (Table 26). Electron 
transport rate analysis showed that treatment C/WS had a significantly higher ETR than 
treatments U/WS, U/WW and N/WS. The treatments N/WW and C/WW were not significantly 
different than treatments C/WS, U/WS and U/WW, but were significantly different than 
treatment N/WS. The treatments N/WW and C/WW were not significantly different. Main-stem 
leaf %TN analysis showed that treatment U/WS had a significantly higher main-stem  leaf %TN 
than treatments C/WS and C/WW. The treatments N/WW, N/WS and U/WW were not 
significantly different than treatments U/WS and C/WS but were significantly higher than 
treatment C/WW. The treatments N/WW, N/WS and U/WW were not significantly different 
from each other.    
 
Water-Deficit Stress Experiment 2 (Water-Deficit Stress Treatment) 
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 There were no significant differences between foliar treatments at P≤0.05 (Table 27) 
except for ETR which was significant at P=0.0004 with the control having a significantly higher 
ETR than foliar urea and Nitamin which in turn, were not significantly different (Table 28). Plant 
DM measurements taken from leaves, stems, flowers and squares showed no significant 
differences between foliar treatments (Table 27). There were no significant differences among 
foliar treatments in the %TN remaining in sampled petioles (Table 28), but the %TN remaining 
in main-stem leaves was significant between foliar treatments at P=0.0195. Foliar urea had a 
significantly higher %TN than the control, but was not significantly different than Nitamin which 
was not significantly different from the other foliar treatments (Table 28). Carbohydrate analyses 
were determined to be non-significant among foliar treatments concerning first position flower 
ovaries and their subtending leaves (Appendix 2). Stomatal conductance analysis showed that on 
the third sampling date (9/16/2013) foliar urea had a significantly higher conductance rate than 
Nitamin and the control (P=0.0221) which in turn, were not significantly different from each 
other (Table 29). Leaf elongation was also determined to be non-significant (Table 29).     
 
Water-Deficit Stress Experiment 2 (Well-Watered Treatment) 
 
 There were no significant differences between foliar treatments at P≤0.05 (Table 27) 
except for chlorophyll yield (P=0.0286) with Nitamin having a significantly higher chlorophyll 
yield than the control, but not being significantly different than foliar urea which was not 
significantly different from the other foliar treatments (Table 28). Plant DM measurements taken 
from leaves, stems, flowers and squares showed no significant differences between foliar 
treatments (Table 27). The %TN status of petioles displayed no significant differences among 
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foliar treatments, but the %TN of main-stem leaves was determined to be significant at P=0.0085 
with foliar urea and Nitamin being significantly higher in main-stem %TN than the control 
(Table 28). The foliar urea and Nitamin treatments were not significantly different. Carbohydrate 
analyses were determined to be non-significant among foliar treatments concerning first position 
flower ovaries and their subtending leaves (Appendix 2). Stomatal conductance and leaf 
elongation measurements were found to be non-significant as well (Table 29). 
 
Discussion  
 
Effect of Humidity Stress 
Humidity Stress Experiment 1 (Low Humidity Treatment) (37-54% RH) 
 
In "Humidity Stress Experiment 1", the foliar treatment main effect was only significant 
in boll number and main-stem leaf %TN in the low humidity treatment and only showed 
significance in chlorophyll yield and starch content of first position flower ovaries and their 
subtending leaves in the high humidity treatment. Although the effect of low humidity has been 
shown to decrease the effectiveness of foliar-N entering cotton leaves (Oosterhuis and Weir, 
2010; Kannan, 1986), a sufficient amount must have penetrated the leaves in this low humidity 
environment for both Nitamin and foliar urea to stimulate boll development, even though foliar 
urea has a tendency to precipitate out of solution shortly after application to cotton leaf surfaces 
(Fig. 1). A possible explanation for the numerical increase in boll number of Nitamin over foliar 
urea may be due to the viscous nature of Nitamin that allows it to adhere to leaf surfaces (Fig. 2) 
which could possibly increase its absorption potential in low humidity conditions. Additionally, 
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the control, which did not produce any bolls, suggests that the increase in boll numbers resulted 
from applications of Nitamin and foliar urea. Furthermore, the numerical increase in petiole 
%TN for foliar urea over Nitamin indicates that low humidity may slightly suppress the 
translocation of foliar urea-N to the developing bolls as previously observed in the boll number 
analysis.  
 
Humidity Stress Experiment 1 (High Humidity Treatment) (61-76% RH) 
 
High humidity seemed to enhance foliar N penetration into the cotton leaves in 
"Humidity Stress Experiment 1" in comparison to low humidity. Although fruit numbers, DM 
weights and leaf area values were determined not to be significantly different among foliar 
treatments, they were numerically increased in the high humidity environment. The observations 
that chlorophyll yield and starch production are affected by the high humidity treatment signifies 
a stimulation of vital processes necessary for proper cotton vegetative growth along with 
reproductive development (Burke et al., 2004). Nitamin treated leaves had a significantly higher 
chlorophyll yield than foliar urea and the control; possibly illustrating a longer residence time for 
Nitamin-N in cotton leaves as a result of N being an essential component of the chlorophyll 
molecule (Havlin et al., 2005). For the starch content of first position flower ovaries and their 
subtending leaves, foliar urea had a significantly higher starch content than Nitamin in the 
subtending leaves and Nitamin had a significantly higher starch content in the ovaries. Thus, 
Nitamin-N may be translocated out of cotton leaves at a slower rate than foliar urea-N in high 
humidity conditions when applied at rates equivalent to 6.7 kg N ha-1.  
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Humidity Stress Experiment 2 (Low Humidity Treatment) (39-55% RH) 
 
 
In "Humidity Stress Experiment 2", inferences concerning the effect of humidity was met 
with difficulties due to the inability of maintaining a suitable discrepancy between respective low 
and high humidity levels. Nonetheless, there were significant differences observed between 
foliar treatments in main-stem leaf %TN in the low humidity treatment, as well as significant 
differences in square number, ETR and chlorophyll yield along with main-stem leaf %TN in the 
high humidity treatment. In the low humidity treatment, Nitamin had a significantly higher main-
stem leaf %TN and numerically higher flower and boll numbers than foliar urea and the control. 
This observation is similar to the effect that low humidity had on Nitamin treated plants in 
"Humidity Stress Experiment 1" when Nitamin had numerically higher flower and boll numbers 
along with main-stem leaf %TN than foliar urea. However, foliar urea was significantly and 
numerically lower in main-stem leaf %TN and petiole %TN than Nitamin, respectively; 
indicating that foliar urea-N applied at a rate equivalent to 11.23 kg N ha-1 may overcome the 
inhibitory effects of low humidity observed for foliar urea in "Humidity Stress Experiment 1". 
Furthermore, the foliar urea treatment was numerically higher in fruit and total plant DM than 
the Nitamin and control treatments; an effect not observed in the previous low humidity analysis.  
 
Humidity Stress Experiment 2 (High Humidity Treatment) (56-71% RH) 
 
In the high humidity treatment, Nitamin and foliar urea each had a significantly higher 
main-stem leaf %TN than the control, but were significantly lower than the control in the number 
of squares produced. The increase in main-stem leaf %TN is to be expected, but the significant 
decrease in square numbers for Nitamin and foliar urea should have corresponded with 
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significant increases in either flower or boll numbers. Although foliar urea did show a numerical 
increase in the number of flowers over Nitamin and the control, it was numerically lower in the 
number of bolls produced than both foliar treatments. Furthermore, foliar urea had a significantly 
higher chlorophyll yield and ETR than Nitamin; suggesting successful leaf absorption 
(Wiedenfeld et al., 2009) and potential translocation of foliar urea-N (Bondada et al., 1994). The 
numerical decreases for foliar urea in boll number along with fruit DM in comparison to Nitamin 
may suggest some form of foliar toxicity associated with high application rates (Oosterhuis and 
Weir, 2010) that may somehow alter cotton leaf physiology. Although the higher application rate 
for Nitamin did result in significant decreases in both chlorophyll yield and ETR, the numerical 
increases in boll number and fruit DM indicate that effective absorption and translocation of 
Nitamin-N was not affected by high humidity. 
 
Effect of Temperature Stress 
Temperature Stress Experiment 1 (High Temperature Stress Treatment) (40/24oC) 
 
In "Temperature Stress Experiment 1", the foliar treatment main effect was significant for 
leaf area, ETR and main-stem leaf %TN in the high temperature treatment, and was only 
significant in the fructose content of first position flower ovaries in the control temperature 
treatment. The significant reduction in leaf area for foliar urea coincides with numerical 
reductions in square and flower numbers along with all DM weights in comparison to Nitamin 
and the control. These numerical differences indicate that foliar urea applied at a rate equivalent 
to 6.7 kg N ha-1 in high temperature conditions may severely inhibit cotton development. 
Although foliar urea was not significantly different than Nitamin in main-stem leaf %TN, it was 
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higher numerically; further indicating that the translocation and assimilation of foliar urea-N is 
reduced in high temperatures (Zhu, 1989). A possible explanation for these significant and 
numerical reductions for foliar urea may be attributed to the presence of leaf burn in foliar urea 
treated plants in the high temperature treatment (Fig. 3). The fact that leaf burn was not observed 
for foliar urea treated plants in the control temperature treatment further indicate that the high 
temperature treatment was the cause for these reductions for foliar urea.   
 
Temperature Stress Experiment 1 (Control Temperature Treatment) (32/24oC) 
 
In comparison, the control temperature treatment appeared to have promoted the 
penetration of foliar-N in "Temperature Stress Experiment 1". Although there were no significant 
differences between foliar treatments for the majority of the measured response variables, the 
values were numerically higher than the response variables observed in the high temperature 
treatment. For example, fruit numbers, leaf area and DM weights were numerically increased 
among foliar treatments in the control temperature regime. Foliar urea, in particular, generated 
numerically higher node and square numbers, leaf area values and DM weights than was 
previously observed for foliar urea in the high temperature treatment. However, many of the 
response variables attributed to foliar urea and Nitamin were numerically lower than the control, 
even when grown in seemingly ideal conditions. Even though boll production was significantly 
increased in the control temperature treatment among all foliar treatments, foliar urea and 
Nitamin were numerically lower than the control. The reasoning for this is unclear as the 
increase in N availability for foliar urea and Nitamin treated plants should have corresponded 
with a higher level of boll production than the control. In addition, the significant reduction in 
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fructose and numerical reductions in the starch and sucrose contents of first position flower 
ovaries for Nitamin further indicate a slower rate of translocation for Nitamin-N.  
 
Temperature Stress Experiment 2 (High Temperature Stress Treatment) (40/24oC) 
 
In "Temperature Stress Experiment 2", the foliar treatment main effect was only 
significant for main-stem leaf %TN in the high temperature treatment, and was significant in the 
number of squares and bolls along with main-stem leaf %TN for the control temperature 
treatment. Although the significant increases in main-stem leaf %TN are to be expected for both 
foliar urea and Nitamin in each temperature treatment, the observation of boll production in the 
high temperature treatment may indicate that increases in the application rates of these foliar-N 
fertilizers may promote the translocation of foliar-N to the developing bolls regardless of heat 
stress conditions or the likely occurrence of leaf burn, which was prevalent in foliar urea treated 
leaves (Fig. 4) and to a lesser degree in Nitamin treated leaves (Fig. 5). However, although 
Nitamin was numerically higher in boll number than the control, it was numerically lower than 
the control and foliar urea in square and flower numbers along with leaf area and DM weights; 
possibly signifying an enhancement in the partitioning efficiency of Nitamin-N for boll 
production at the expense of leaf development and DM accumulation. Nonetheless, the 
numerical increases in boll numbers for Nitamin and foliar urea over the control suggests that the 
translocation of foliar-N applied at high rates may still occur in high temperature environments. 
 
 Temperature Stress Experiment 2 (Control Temperature Treatment) (32/24oC) 
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In the control temperature treatment, the majority of the response variables regarding the 
foliar treatment main effect were numerically higher than the response variables observed in the 
high temperature treatment. Among foliar treatments, foliar urea and the control had significantly 
higher square numbers than Nitamin, but this trend was reversed in boll number, in which 
Nitamin and foliar urea were significantly higher than the control. Although Nitamin was 
numerically higher in boll number than foliar urea, the numerical increase for foliar urea in fruit 
DM provides added indication that foliar urea-N promotes fruit production and boll development 
at a more efficient rate (Oosterhuis et al., 1991) than Nitamin-N. In addition, main-stem leaf 
%TN analysis showed that Nitamin was numerically higher than foliar urea, while being 
numerically lower than foliar urea in petiole %TN; further indicating a slower translocation rate 
of Nitamin-N in comparison to foliar urea-N even at higher application rates and in non-stressed 
temperature conditions. While foliar urea treated leaves suffered severe instances of leaf burn in 
the control temperature treatment (Fig. 6), this did not seem to impede the assimilation and 
subsequent translocation of foliar urea-N to areas of reproductive development. In contrast, 
Nitamin treated leaves exhibited no symptoms of leaf burn within the control temperature 
treatment (Fig. 7). Leaf burn due to foliar-N applications is often thought to be destructive to the 
structural integrity and composition of cotton leaves (Zhu, 1989; Oosterhuis and Weir, 2010), but 
the observations regarding foliar urea seem to dispel this notion; suggesting that leaf burn may 
not be as detrimental during the reproductive stage as previously considered.   
 
 Effect of Water-Deficit Stress  
 
Water-Deficit Stress Experiments 1 and 2 
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In "Water-Deficit Stress Experiment 1", the significant decreases in node number and 
fruit DM for Nitamin again can be explained by its slow-release technology that may generate a 
slower rate of translocation of Nitamin-N throughout the plant when applied at a rate equivalent 
of 6.7 kg N ha-1. In cotton production, decreases in node number can be detrimental due to the 
reduction of possible fruiting sites along the main stem (Kerby et al., 1997). This reduction in 
node number for Nitamin corresponds to the significant decrease in fruit DM in which Nitamin 
was significantly lower than foliar urea along with being numerically lower than the control. 
However, while Nitamin was numerically higher in square and flower numbers than foliar urea 
and the control, the significant reduction in fruit DM indicates that these individual fruiting 
bodies may not have received a sufficient amount of applied Nitamin-N. This observation 
together with the significant increase in the starch content in first position flower ovaries for 
Nitamin suggests significant delays in fruit development. Moreover, main-stem leaf and petiole 
%TN analysis showed that Nitamin had a significantly higher main-stem leaf %TN than foliar 
urea and the control along with having a numerical decrease in petiole %TN than foliar urea; 
thus providing additional evidence of a slower translocation rate of Nitamin-N.   
  In contrast to "Water-Deficit Stress Experiment 1", all of the response variables 
measured in "Water-Deficit Stress Experiment 2" were found to be non-significant among foliar 
treatments with the exception of main-stem leaf %TN. The significant increases for foliar urea 
and Nitamin over the control for main-stem leaf %TN are to be expected due to an increase in N 
availability and with the application rate in this trial being raised to a rate equivalent of 11.23 kg 
N ha-1. Conversely, in comparison to "Water-Deficit Stress Experiment 1", square production 
was greater among foliar treatments in "Water-Deficit Stress Experiment 2". However, this 
increase in square production did not translate into increases in flower and boll numbers for the 
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foliar treatments in this trial. In addition, fruit DM was numerically lower when compared to 
fruit DM weights for all foliar treatments in "Water-Deficit Stress Experiment 1". This effect is 
most likely attributed to the water-deficit stress treatment (Bednarz et al., 1999) which entailed 
that leaves of cotton plants in the water-deficit stress treatment be subjected to visual wilting 
before being supplied with 125 mL H2O day-1 plant-1 and may have impeded the absorption of 
foliar urea and Nitamin applied at these higher rates even though no outwardly signs of leaf 
stress other than wilting were observed (Oosterhuis et al., 1991). 
In both water-deficit stress experiments, interactions were observed between the foliar 
and watering treatments in ETR.  In "Water-Deficit Stress Experiment 1", the foliar treatment 
main effect was the primary source of interaction and suggests that ETR for foliar urea may not 
be affected by conditions of water-deficit stress as a result of its non-significance within both 
watering treatments which may be due to effective partitioning of foliar urea-N. Although 
treatment N/WS was significantly lower than U/WW and not significantly different than U/WS, 
treatment N/WW was significantly lower than all treatment combinations; indicating that 
Nitamin may have a negative effect on ETR in well watered conditions applied at a rate 
equivalent of 6.7 kg N ha-1. Conversely, in "Water-Deficit Stress Experiment 2", treatment 
N/WW was significantly higher in ETR than treatment N/WS. The reasoning for this reversal is 
not quite clear and may be a function of a higher application rate or due to some component in 
Nitamin's slow-release technology that produces these inconsistent responses. However, the 
response in ETR for foliar urea within this interaction was more consistent with treatments 
U/WS and U/WW being significantly lower in ETR than treatment C/WS and numerically lower 
than treatments N/WW and C/WW. Since this trend was not observed in "Water-Deficit Stress 
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Experiment 1", this infers that foliar urea applied at a rate equivalent of 11.23 kg N ha-1 may 
lower photosynthetic efficiency regardless of watering conditions.  
Another observance of interaction between foliar and water-deficit stress treatments 
occurred in "Water-Deficit Stress Experiment 1" regarding the starch content of first position 
flower ovaries and their subtending leaves. For subtending leaves, the watering treatment main 
effect was the primary source of interaction with treatment N/WS having significantly higher 
starch content than all other treatment combinations. For the starch content of first position 
flower ovaries, the foliar and watering treatments were both significant contributors to the 
interaction with treatment N/WS having significantly higher starch content than all other 
treatment combinations. These observations suggest that in water-deficit stress conditions, the 
breakdown of starch to sugars such as sucrose is substantially decreased in Nitamin treated 
leaves along with an inhibition in boll development (Bednarz et al., 1999; Loka et al., 2011) as a 
result of the significant accumulation of starch in the ovaries (Hendrix, 2010). Although 
treatment N/WW was significantly lower in starch content for both subtending leaves and 
ovaries in comparison to N/WS, the conversion from starch to sucrose must of been impaired as 
evidenced by the numerically and significantly lower values for boll numbers and fruit DM, 
respectively in this trial. In addition, the starch content of subtending leaves and ovaries for 
foliar-urea treated plants seemed unaffected by watering conditions due to the lack of 
significance of their treatment combinations within these interactions.  
Additional observance of interaction occurred in "Water-Deficit Stress Experiment 2" 
concerning main-stem leaf %TN. For this interaction, both the foliar and watering treatment 
main effects were significant components with treatment U/WS having a significantly higher 
%TN than treatments C/WS and C/WW while not being significantly different than treatments 
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N/WW, N/WS and U/WW. These observations reinforce the idea that foliar urea and Nitamin 
treated leaves are expected to have significant increases in main-stem leaf %TN due to increased 
N availability and that water-deficit stress conditions significantly reduce the translocation rate 
of foliar-applied N out of cotton leaves throughout the plant (Zhu, 1989).  
The watering treatment main effect was significant for many factors in both water-deficit 
stress experiments. The water-deficit stress treatment in "Water-Deficit Stress Experiment 1" had 
significantly lower totals than the well-watered treatment in square and flower numbers along 
with stem, fruit and total DM weights while being significantly higher in main-stem leaf and 
petiole %TN. However, the water-deficit stress treatment was numerically higher in number of 
bolls produced. The numeric increase in boll number may have come as a result of heightened 
partitioning of foliar-N along with other nutrients from the xylem to already established 
reproductive sites since there were no squares recorded in the analysis (Pettigrew, 2004). The 
water-deficit stress treatment in "Water- Deficit Stress Experiment 2" had significantly lower 
totals than the well-watered treatment in node, fruit numbers, DM weights, plant height and leaf 
area while being significantly higher in chlorophyll yield. However, unlike "Water-Deficit Stress 
Experiment 1", squares were produced in the water-deficit stress treatment, suggesting that 
increased application rates of foliar-N fertilizers may still promote a limited amount of fruit 
production even in environments of water-deficit stress. Stomatal conductance analysis 
determined that the water-deficit stress treatment had significantly lower conductance rates in all 
four sampling dates; illustrating the importance of water's role in stomatal functions (Loka et al., 
2011) and vital processes such as transpiration (Oosterhuis, 2001).  
 
Water-Deficit Stress Experiment 1 (Water-Deficit Stress Treatment) 
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Analyses of the foliar treatment main effect within each individual watering regimen 
were conducted for both water-deficit stress experiments. In "Water-Deficit Stress Experiment 
1", the foliar treatment main effect was significant for ETR, main-stem leaf %TN, starch and 
sucrose content in subtending leaves and the starch content in first position flower ovaries within 
the water-deficit stress treatment. For ETR, the lack of significance for Nitamin does not seem to 
correlate with numerical reductions in boll number or fruit and total DM weights when compared 
to foliar urea and the control. These numerical differences are more likely explained by the 
significant increase in main-stem leaf %TN for Nitamin over the other foliar treatments. 
Moreover, the significant increases in the starch contents of subtending leaves and ovaries for 
Nitamin indicate that Nitamin treated leaves may have difficulties in translocating Nitamin-N 
along with the assimilation of sugars in conditions of water-deficit stress. Although Nitamin was 
not significantly different than foliar urea and the control in flower production, it was higher 
numerically but Nitamin's numerical decrease in boll number further illustrates a reduced 
translocation potential for Nitamin-N during periods of water-deficit stress. Conversely, the 
significant reduction in main-stem leaf %TN along with the sucrose content of subtending leaves 
demonstrates a possible translocative advantage of foliar urea-N over Nitamin-N in water-deficit 
conditions.  
 
Water-Deficit Stress Experiment 1 (Well-Watered Treatment) 
 
In the well-watered treatment of "Water-Deficit Stress Experiment 1", factors of 
significance for the foliar treatment main effect included ETR, the fructose content of subtending 
leaves along with the starch and sucrose content in first position flower ovaries. ETR analysis 
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showed that the significant reduction for Nitamin may indicate that most of the Nitamin-N may 
still be adsorbed to the leaf surface or assimilated at slower rates before entering the electron 
transport chain. Although Nitamin had numerical reductions in boll number and fruit DM 
weights when compared to foliar urea and the control, an ample amount of Nitamin-N must have 
penetrated and translocated out of the leaf for square and flower production. The significant 
decreases in the fructose contents of subtending leaves for Nitamin and foliar urea in comparison 
to the control may demonstrate the efficiency that foliar urea and Nitamin treated leaves have on 
the translocation of sugars to developing bolls in well-watered conditions (Oosterhuis and 
Bondada, 2001). Although Nitamin was not significantly different than foliar urea in the starch 
and sucrose contents of first position flower ovaries, its numerical increase in sucrose content 
could possibly correspond with Nitamin’s numerical decrease in boll number (Hendrix, 2010); 
signifying a reduced assimilation rate of sugars within selected fruiting bodies of Nitamin treated 
plants.   
 
Water-Deficit Stress Experiment 2 (Water-Deficit Stress Treatment) 
 
In "Water-Deficit Stress Experiment 2", the foliar treatment main effect was significant 
for ETR and main-stem leaf %TN within the water-deficit stress treatment. For ETR, foliar urea 
and Nitamin had significantly lower ETR values than the control. The lack of significance 
between both foliar urea and Nitamin may indicate that applications of foliar-N fertilizers at high 
rates may impair the partitioning of photosynthates via the electron transport chain in water-
deficit stress conditions (Oosterhuis and Weir, 2010). Additionally, the analysis of chlorophyll 
yield was determined not to be significant among foliar treatments; suggesting that chlorophyll 
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production was not enhanced by these foliar N fertilizers. However, Nitamin treated plants were 
the only ones in the water-deficit stress treatment to produce bolls along with having numerically 
higher fruit and total DM weights than foliar urea and the control. This observation may be the 
result of Nitamin’s slow-release technology which might have allowed Nitamin-N to act as a N 
reserve for boll development to proceed after flowering, unlike the responses for foliar-applied 
urea and the control. Furthermore, analysis of both main-stem leaf and petiole %TN shows that 
Nitamin was numerically intermediate when compared to foliar urea and the control; illustrating 
that Nitamin-N was translocated with a greater efficiency than foliar urea-N in the water-deficit 
stress treatment.   
 
Water-Deficit Stress Experiment 2 (Well-Watered Treatment) 
 
In the well-watered treatment of "Water-Deficit Stress Experiment 2", the foliar treatment 
main effect was only significant for chlorophyll yield and in main-stem leaf %TN. Chlorophyll 
yield analysis demonstrated that the significant increase for Nitamin over the control may be a 
function of Nitamin's slow-release technology and not an increase in N availability as indicated 
by the lack of significance of foliar urea when compared to Nitamin and the control. 
Additionally, the residence time in these cotton leaves for Nitamin-N was most likely higher than 
the foliar urea and control treated leaves as a result of numerical decreases for Nitamin in boll 
numbers and all plant DM measurements; possibly coming at the expense of increased 
chlorophyll production. For main-stem leaf %TN, foliar urea and Nitamin were significantly 
higher than the control but were not significantly different from each other. However, similar to 
Nitamin's response in the water-deficit stress treatment, foliar urea had numerically intermediate 
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values in both main-stem leaf and petiole %TN. This potentially signifies that the translocation 
and assimilation of foliar urea-N is more efficient than Nitamin-N in well-watered conditions 
and at higher application rates. This view is supported by foliar urea's numerical increases over 
Nitamin in boll number and leaf area along with all DM weights.  
 
Conclusion 
 
These trials have demonstrated the detrimental effects that environmental stresses such as 
low humidity, high temperatures and water-deficit stress can have on the efficacy of foliar-N 
fertilization. While the majority of these environmental stresses negatively affected applied 
foliar-N efficiency, significant differences concerning the treatments of foliar urea and Nitamin 
in these trials was less conclusive. However, numerical differences between foliar urea and 
Nitamin were evident throughout these experiments and provided some insight as to their 
respective effectiveness and activity regarding the growth and development of cotton.  
The prevailing trend throughout these trials was that foliar urea-N was translocated and 
assimilated with a greater efficiency than Nitamin-N, which was shown to have a longer 
residence time in cotton leaves than compared to foliar urea. This increased efficiency for foliar 
urea was revealed by numerical increases over Nitamin in nearly every experiment concerning 
response variables such as fruit numbers and plant DM measurements; key indicators of the 
resourceful usage and transport of foliar-applied N to areas of active growth. While Nitamin's 
viscous nature allowed it to adhere to cotton leaves under various environmental conditions, the 
slow-release technology it utilizes in providing foliar-N for cotton development is most likely the 
reason for its numerical decreases in the majority of the measured responses. Furthermore, in the 
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absence of rainfall or irrigation, Nitamin’s viscous nature and slow-release technology may 
prove ineffective in generating increases in cotton growth and yield. 
Therefore, due to the relatively short time that foliar-N fertilization is deemed to be 
effective in cotton production, the use of the slow-release foliar-N fertilizer, Nitamin may not be 
suitable for significantly increasing cotton yields. In contrast, foliar urea has been demonstrated 
over time to effectively penetrate cotton leaves, act relatively quickly once inside the plant and 
significantly increase growth and yields when cotton plants are N deficient. Nonetheless, 
considerations of surrounding environmental conditions along with the characteristically short 
reproductive window of cotton should be contemplated before using any kind of foliar-N 
fertilizer; regardless of its chemical and technological constitution. 
 As a result of one cotton cultivar being used in all these environmental stress 
experiments, significant responses to foliar-N fertilization may differ among other cotton 
cultivars due to variations in leaf morphology and other physical characteristics that may serve to 
either promote or deter effective foliar-N leaf absorption within a myriad of environmental and 
climactic conditions.   
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Humidity Stress Experiment 1 
Table 1. Node number, square number, flower number, boll number, leaf dry matter (DM) in 
grams (g), stem DM, fruit DM and total plant DM means per foliar treatment within the low and 
high humidity treatments for Humidity Stress Experiment 1.   
Foliar 
Treatment 
Humidity 
Treatment 
Node 
Number 
Square 
Number 
Flower 
Number 
Boll 
Number 
Leaf 
DM (g) 
Stem 
DM 
(g) 
Fruit 
DM 
(g) 
Total 
Plant 
DM 
(g) 
Control Low 10.75 a§ 8.25 a 1.00 a 0.00 b 6.61 a 7.71 a 1.10 a 15.43 a 
Urea Low 11.00 a 7.25 a 1.75 a 0.50 ab 6.64 a 7.00 a 1.37 a 15.01 a 
Nitamin Low 10.66 a 9.33 a 2.33 a 1.00 a 7.70 a 8.47 a 2.08 a 18.25 a 
Control High 11.50 a 9.25 a 2.50 a 0.75 a 8.63 a 9.03 a 2.43 a 20.10 a 
Urea High 12.33 a 11.33 a 1.66 a 1.33 a 10.66 a 10.04 a 2.82 a 23.53 a 
Nitamin High 11.75 a 10.75 a 1.50 a 1.25 a 9.79 a 9.90 a 2.03 a 21.74 a 
§Columns for foliar and individual humidity treatments sharing a common letter are not 
significantly different (P≤0.05). 
 
Table 2. Plant height, leaf area, electron transport rate (ETR), chlorophyll (Chl.) yield, main-
stem leaf percent total nitrogen (%TN) and petiole %TN means per foliar treatment within the 
low and high humidity treatments for Humidity Stress Experiment 1.  
Foliar 
Treatment 
Humidity 
Treatment 
Plant 
Height 
(cm) 
Leaf Area 
(cm2) 
ETR Chl. Yield %TN 
Main-stem 
Leaves 
%TN 
Petioles 
Control Low 55.62 a§ 2047.20 a 71.73 a 0.72 a 4.77 b 4.84 a 
Urea Low 56.87 a 2112.95 a 53.08 a 0.73 a 5.19 ab 5.05 a 
Nitamin Low 57.33 a 2107.74 a 66.08 a 0.70 a 5.61 a 4.79 a 
Control High 55.37 a 2367.50 a 93.35 a 0.66 b 4.75 a 4.54 a 
Urea High 58.33 a 2695.63 a 68.72 a 0.67 b 5.07 a 4.50 a 
Nitamin High 58.75 a 2493.07 a 79.75 a 0.73 a 5.05 a 4.44 a 
§Columns for foliar and individual humidity treatments sharing a common letter are not 
significantly different (P≤0.05). 
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Humidity Stress Experiment 2  
Table 3. Node number, square number, flower number, boll number, leaf dry matter (DM) in 
grams (g), stem DM, fruit DM and total plant DM means per foliar treatment within the low and 
high humidity treatments for Humidity Stress Experiment 2.   
Foliar 
Treatment 
Humidity 
Treatment 
Node 
Number 
Square 
Number 
Flower 
Number 
Boll 
Number 
Leaf 
DM (g) 
Stem 
DM 
(g) 
Fruit 
DM 
(g) 
Total 
Plant 
DM 
(g) 
Control Low 13.25 a§ 6.75 a 3.00 a 2.50 a 9.29 a 7.87 a 7.28 a 24.44 a 
Urea Low 13.00 a 5.00 a 3.50 a 3.50 a 8.97 a 7.67 a 12.03 a 28.68 a 
Nitamin Low 13.25 a 6.75 a 3.75 a 4.25 a 9.38 a 7.21 a 8.76 a 25.36 a 
Control High 13.75 a 10.00 a 3.50 a 3.25 a 9.07 a 7.73 a 4.45 a 21.25 a 
Urea High 13.50 a 6.00 b 4.75 a 2.75 a 10.04 a 7.31 a 9.83 a 27.18 a 
Nitamin High 13.75 a 5.25 b 3.75 a 3.50 a 8.94 a 6.74 a 10.76 a 26.45 a 
§Columns for foliar and individual humidity treatments sharing a common letter are not 
significantly different (P≤0.05). 
 
Table 4. Plant height, leaf area, electron transport rate (ETR), chlorophyll (Chl.) yield, main-
stem leaf percent total nitrogen (%TN) and petiole %TN means per foliar treatment within the 
low and high humidity treatments for Humidity Stress Experiment 2.  
Foliar 
Treatment 
Humidity 
Treatment 
Plant 
Height 
(cm) 
Leaf Area 
(cm2) 
ETR Chl. Yield %TN 
Main-stem 
Leaves 
%TN 
Petioles 
Control Low 57.25 a§ 1728.04 a 64.13 a 0.71 a 4.54 c 4.44 a 
Urea Low 56.50 a 1637.33 a 54.72 a 0.63 a 5.24 b 4.34 a 
Nitamin Low 55.75 a 1689.50 a 56.88 a 0.67 a 5.98 a 4.77 a 
Control High 57.25 a 1652.24 a 53.31 a 0.57 ab 4.57 b 4.48 a 
Urea High 55.50 a 1737.71 a 56.13 a 0.65 a 5.60 a 4.04 a 
Nitamin High 56.50 a 1718.79 a 36.77 b 0.50 b 5.97 a 4.43 a 
§Columns for foliar and individual humidity treatments sharing a common letter are not 
significantly different (P≤0.05). 
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Temperature Stress Experiment 1 
Table 5. Node number, square number, flower number, boll number, leaf dry matter (DM) in 
grams (g), stem DM, fruit DM and total plant DM means per foliar treatment within the control 
and high temperature treatments for Temperature Stress Experiment 1.   
Foliar 
Treatment 
Temperature 
Treatment 
Node 
Number 
Square 
Number 
Flower 
Number 
Boll 
Number 
Leaf 
DM 
(g) 
Stem 
DM 
(g) 
Fruit 
DM 
(g) 
Total 
Plant 
DM 
(g) 
Control Control 12.50 a§ 11.50 a 1.25 a 2.00 a 10.30 a 11.31 a 2.11 a 23.72 a 
Urea Control 12.00 a 10.25 a 1.00 a 1.75 a 9.55 a 10.78 a 1.87 a 22.21 a 
Nitamin Control 12.50 a 9.50 a 1.25 a 1.75 a 8.91 a 10.01 a 1.68 a 20.61 a 
Control High 11.00 a 8.75 a 1.75 a 0.00 a 8.41 a 10.31 a 1.10 a 19.83 a 
Urea High 10.75 a 8.50 a 1.25 a 0.00 a 5.72 a 6.76 a 0.63 a 13.12 a 
Nitamin High 10.75 a 9.00 a 1.50 a 0.00 a 8.17 a 9.45 a 1.08 a 18.71 a 
§Columns for foliar and individual temperature treatments sharing a common letter are not 
significantly different (P≤0.05). 
 
Table 6. Plant height, leaf area, electron transport rate (ETR), chlorophyll (Chl.) yield, main-
stem leaf percent total nitrogen (%TN) and petiole %TN means per foliar treatment within the 
control and high temperature treatments for Temperature Stress Experiment 1.  
Foliar 
Treatment 
Temperature 
Treatment 
Plant 
Height 
(cm) 
Leaf Area 
(cm2) 
ETR Chl. Yield %TN 
Main-stem 
Leaves 
%TN 
Petioles 
Control Control 73.25 a§ 2792.34 a 51.87 a 0.71 a 5.06 a 4.90 a 
Urea Control 74.00 a 2478.00 a 66.67 a 0.75 a 5.21 a 4.74 a 
Nitamin Control 71.75 a 2507.28 a 49.80 a 0.72 a 5.14 a 4.97 a 
Control High 69.50 a 2098.04 a 89.52 a 0.71 a 4.92 b 4.50 a 
Urea High 65.00 a 1526.36 b 56.86 b 0.57 a 5.55 a 4.62 a 
Nitamin High 66.50 a 2135.35 a 71.57 ab 0.71 a 5.39 a 4.83 a 
§Columns for foliar and individual temperature treatments sharing a common letter are not 
significantly different (P≤0.05). 
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Temperature Stress Experiment 2  
Table 7. Node number, square number, flower number, boll number, leaf dry matter (DM) in 
grams (g), stem DM, fruit DM and total plant DM means per foliar treatment within the control 
and high temperature treatments for Temperature Stress Experiment 2.   
Foliar 
Treatment 
Temperature 
Treatment 
Node 
Number 
Square 
Number 
Flower 
Number 
Boll 
Number 
Leaf 
DM 
(g) 
Stem 
DM 
(g) 
Fruit 
DM 
(g) 
Total 
Plant 
DM 
(g) 
Control Control 13.50 a§ 11.50 a 1.00 a 1.75 b 9.91 a 10.73 a 1.43 a 19.89 a 
Urea Control 13.25 a 12.00 a 1.75 a 3.50 a 10.05 a 11.03 a 2.39 a 21.42 a 
Nitamin Control 13.50 a 7.75 b 1.75 a 4.00 a 10.04 a 11.17 a 2.33 a 23.54 a 
Control High 12.25 a 7.75 a 2.75 a 1.25 a 8.31 a 10.53 a 1.51 a 20.36 a 
Urea High 12.25 a 8.00 a 2.00 a 2.50 a 8.70 a 9.10 a 2.16 a 19.96 a 
Nitamin High 12.75 a 6.50 a 1.25 a 1.50 a 8.10 a 8.97 a 0.79 a 17.88 a 
§Columns for foliar and individual temperature treatments sharing a common letter are not 
significantly different (P≤0.05). 
 
Table 8. Plant height, leaf area, electron transport rate (ETR), chlorophyll (Chl.) yield, main-
stem leaf percent total nitrogen (%TN) and petiole %TN means per foliar treatment within the 
control and high temperature treatments for Temperature Stress Experiment 2.  
Foliar 
Treatment 
Temperature 
Treatment 
Plant 
Height 
(cm) 
Leaf Area 
(cm2) 
ETR Chl. Yield %TN 
Main-stem 
Leaves 
%TN 
Petioles 
Control Control 71.50 a§ 2532.50 a 55.50 a 0.68 a 4.77 b 4.98 a 
Urea Control 69.25 a 2579.23 a 53.20 a 0.72 a 5.97 a 5.45 a 
Nitamin Control 69.25 a 2559.77 a 49.21 a 0.68 a 6.19 a 5.17 a 
Control High 65.50 a 2082.48 a 43.16 a 0.63 a 4.90 b 5.06 a 
Urea High 62.75 a 2180.47 a 35.45 a 0.56 a 6.15 a 5.39 a 
Nitamin High 67.50 a 1986.17 a 40.03 a 0.56 a 6.45 a 5.12 a 
§Columns for foliar and individual temperature treatments sharing a common letter are not 
significantly different (P≤0.05). 
 
 
  
 97 
Water-Deficit Stress Experiment 1 
Table 9. Full factorial analysis of node number, square number, flower number, boll number, leaf 
dry matter (DM) in grams (g), stem DM, fruit DM and total plant DM means per foliar treatment 
for Water-Deficit Stress Experiment 1. 
Treatment Node 
Number 
Square 
Number 
Flower 
Number 
Boll 
Number 
Leaf DM 
(g) 
Stem 
DM (g) 
Fruit 
DM (g) 
Total 
Plant 
DM (g) 
Control 11.37 ab§ 1.50 a 1.00 a 1.25 a 5.68 a 11.78 a 2.17 ab 19.65 a 
Urea 12.12 a 1.25 a 1.50 a 1.50 a 5.23 a 12.03 a 3.14 a 20.41 a 
Nitamin 10.75 b 2.12 a 1.75 a 0.87 a 5.43 a 11.44 a 1.42 b 18.85 a 
§Columns sharing a common letter are not significantly different (P≤0.05). 
 
Table 10. Full factorial analysis of plant height, leaf area, electron transport rate (ETR), 
chlorophyll (Chl.) yield, main-stem leaf % total nitrogen (%TN) and petiole %TN means per 
foliar treatment for Water-Deficit Stress Experiment 1. 
Treatment Plant Height 
(cm) 
Leaf Area 
(cm2) 
ETR Chl. Yield %TN Main-
stem Leaves 
%TN 
Petioles 
Control 79.62 a§ 1320.11 a 40.15 b 0.64 a 3.20 b 2.34 b 
Urea 82.25 a 1273.65 a 49.13 a 0.65 a 3.41 b 2.69 a 
Nitamin 79.87 a 1290.08 a 37.42 b 0.67 a 3.83 a 2.66 a 
§Columns sharing a common letter are not significantly different (P≤0.05). 
 
Table 11. Full factorial analysis of node number, square number, flower number, boll 
number, leaf dry matter (DM) in grams (g), stem DM, fruit DM and total plant DM means 
per watering treatment for Water-Deficit Stress Experiment 1. 
Watering 
Treatment 
Node 
Number 
Square 
Number 
Flower 
Number 
Boll 
Number 
Leaf 
DM (g) 
Stem 
DM (g) 
Fruit 
DM (g) 
Total 
Plant 
DM (g) 
Well-
Watered 
11.50 a§ 3.25 a 2.16 a 1.16 a 5.84 a 13.12 a 2.70 a 21.67 a 
Water 
Stressed 
11.16 a 0.00 b 0.66 b 1.25 a 5.06 a 10.75 b 1.59 b 17.60 b 
§Columns sharing a common letter are not significantly different (P≤0.05). 
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Table 12. Full factorial analysis of plant height, leaf area, electron transport rate (ETR), 
chlorophyll (Chl.) yield, main-stem leaf percent total nitrogen (%TN) and petiole %TN means 
per watering treatment for Water-Deficit Stress Experiment 1.   
Watering 
Treatment 
Plant Height 
(cm) 
Leaf Area 
(cm2) 
ETR Chl. Yield %TN Main-
stem Leaves 
%TN 
Petioles 
Well-
Watered 
81.08 a§ 1324.19 a 41.00 a 0.66 a 3.11 b 2.26 b 
Water- 
Stressed 
80.08 a 1265.04 a 41.87 a 0.64 a 3.77 a 2.93 a 
§Columns sharing a common letter are not significantly different (P≤0.05). 
 
Table 13. Interaction between foliar and watering treatments for electron transport rate (ETR) 
means for Water-Deficit Stress Experiment 1. 
Foliar Treatment Watering Treatment ETR 
Control Well-Watered 41.32 b§ 
Control Water-Stressed 38.97 b 
Urea Well-Watered 52.68 a 
Urea Water-Stressed 45.58 ab 
Nitamin Well-Watered 31.22 c 
Nitamin Water-Stressed 42.04 b 
§Columns sharing a common letter are not significantly different (P≤0.05). 
 
Table 14. Interaction between foliar and watering treatments in the starch content of 
subtending leaves and first position flower ovaries in milligram per milligram dry weight 
(mg/mg DW) means for Water-Deficit Stress Experiment 1. 
Foliar Treatment Watering Treatment Subtending Leaf 
Starch Content 
(mg/mg DW) 
First Position Flower 
Ovary Starch Content 
(mg/mg DW) 
Control Well-Watered 0.065 bc§ 0.065 b 
Control Water-Stressed 0.065 bc 0.066 b 
Urea Well-Watered 0.065 bc 0.066 b 
Urea Water-Stressed 0.066 b 0.065 b 
Nitamin Well-Watered 0.064 c 0.067 b 
Nitamin Water-Stressed 0.070 a 0.073 a 
§Columns sharing a common letter are not significantly different (P≤0.05). 
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Table 15. Node number, square number, flower number, boll number, leaf dry matter (DM) in 
grams (g), stem DM, fruit DM and total plant DM means per foliar treatment within the well-
watered and water-stress treatments for Water-Deficit Stress Experiment 1.   
Foliar 
Treatment 
Watering 
Treatment 
Node 
Number 
Square 
Number 
Flower 
Number 
Boll 
Number 
Leaf 
DM 
(g) 
Stem 
DM 
(g) 
Fruit 
DM 
(g) 
Total 
Plant 
DM 
(g) 
Control Well-
Watered 
11.00 a§ 3.00 a 1.75 a 1.00 a 6.18 a 12.66 a 2.17 a 21.02 a 
Urea Well-
Watered 
12.25 a 2.50 a 2.50 a 1.75 a 5.29 a 13.49 a 3.83 a 22.61 a 
Nitamin Well-
Watered 
11.25 a 4.25 a 2.25 a 0.75 a 6.04 a 13.22 a 2.10 a 21.38 a 
Control Water-
Stressed 
11.75 a 0.00 a 0.25 a 1.50 a 5.19 a 10.90 a 2.17 a 18.27 a 
Urea Water-
Stressed 
11.50 a 0.00 a 0.50 a 1.25 a 5.17 a 10.58 a 2.45 a 18.21 a 
Nitamin Water-
Stressed 
10.25 a 0.00 a 1.25 a 1.00 a 4.82 a 10.76 a 0.74 a 16.33 a 
§Columns for foliar and individual watering treatments sharing a common letter are not 
significantly different (P≤0.05). 
 
Table 16. Plant height, leaf area, electron transport rate (ETR), chlorophyll (Chl.) yield, main-
stem leaf percent total nitrogen (%TN) and petiole %TN means per foliar treatment within the 
well-watered and water-stressed treatments for Water-Deficit Stress Experiment 1.  
Foliar 
Treatment 
Watering 
Treatment 
Plant 
Height 
(cm) 
Leaf Area 
(cm2) 
ETR Chl. Yield %TN 
Main-stem 
Leaves 
%TN 
Petioles 
Control Well-
Watered 
78.50 a§ 1365.36 a 41.32 b 0.69 a 2.84 a 2.17 a 
Urea Well-
Watered 
84.50 a 1255.70 a 52.68 a 0.69 a 3.15 a 2.30 a 
Nitamin Well-
Watered 
80.25 a 1351.53 a 31.22 c 0.63 a 3.58 a 2.33 a 
Control Water-
Stressed 
80.75 a 1274.87 a 38.97 b 0.60 a 3.55 b 2.70 a 
Urea Water-
Stressed 
80.00 a 1291.61 a 45.58 a 0.64 a 3.68 b 3.09 a 
Nitamin Water-
Stressed 
79.50 a 1228.64 a 42.04 ab 0.67 a 4.08 a 3.00 a 
§Columns for foliar and individual watering treatments sharing a common letter are not 
significantly different (P≤0.05). 
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Water Deficit Stress Experiment 2  
Table 17. Full factorial analysis of node number, square number, flower number, boll number, 
leaf dry matter (DM) in grams (g), stem DM, fruit DM and total plant DM means per foliar 
treatment for Water-Deficit Stress Experiment 2. 
Treatment Node 
Number 
Square 
Number 
Flower 
Number 
Boll 
Number 
Leaf DM 
(g) 
Stem 
DM (g) 
Fruit 
DM (g) 
Total 
Plant 
DM (g) 
Control 11.12 a§ 6.12 a 0.87 a 0.87 a 6.46 a 13.00 a 1.34 a 20.81 a 
Urea 11.12 a 6.62 a 0.75 a 1.12 a 6.74 a 12.08 a 1.16 a 20.71 a 
Nitamin 10.87 a 6.12 a 0.75 a 0.87 a 6.65 a 12.18 a 1.15 a 19.99 a 
§Columns sharing a common letter are not significantly different (P≤0.05). 
 
Table 18. Full factorial analysis of plant height, leaf area, electron transport rate (ETR), 
chlorophyll (Chl.) yield, main-stem leaf % total nitrogen (TN) and petiole %TN means per 
foliar treatment for Water-Deficit Stress Experiment 2. 
Treatment Plant Height 
(cm) 
Leaf Area 
(cm2) 
ETR Chl. Yield %TN Main-
stem Leaves 
%TN 
Petioles 
Control 93.50 a§ 1493.14 a 67.05 a 0.70 a 3.20 b 2.78 a 
Urea 92.37 a 1567.34 a 60.77 b 0.71 a 3.90 a 2.59 a 
Nitamin 92.75 a 1550.63 a 60.16 b 0.72 a 3.93 a 2.69 a 
§Columns sharing a common letter are not significantly different (P≤0.05). 
 
Table 19. Full factorial analysis of stomatal conductance means measured in millimoles per 
square meter per second (µmol/m2s) per foliar treatment for Water-Deficit Stress Experiment 2. 
Treatment Stomatal 
Conductance 
9/12/2013 
Stomatal 
Conductance 
9/14/2013 
Stomatal 
Conductance 
9/16/2013 
Stomatal 
Conductance 
9/18/2013 
Control 48.54 a§ 40.50 a 33.50 a 31.60 a 
Urea 53.03 a 41.82 a 41.48 a 36.08 a 
Nitamin 56.10 a 43.60 a 39.28 a 31.56 a 
§Columns sharing a common letter are not significantly different (P≤0.05). 
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Table 20. Full factorial analysis of total leaf elongation means of first fully-expanded main-
stem leaves measured in centimeters (cm) per foliar treatment for Water-Deficit Stress 
Experiment 2. 
Treatment Total Leaf Elongation (cm) 
Control 32.15 a§ 
Urea 25.45 a 
Nitamin 31.69 a 
§Columns sharing a common letter are not significantly different (P≤0.05). 
 
Table 21. Full factorial analysis of node number, square number, flower number, boll 
number, leaf dry matter (DM) in grams (g), stem DM, fruit DM and total plant DM means 
per watering treatment for Water-Deficit Stress Experiment 2. 
Watering 
Treatment 
Node 
Number 
Square 
Number 
Flower 
Number 
Boll 
Number 
Leaf 
DM (g) 
Stem 
DM (g) 
Fruit 
DM (g) 
Total 
Plant 
DM (g) 
Well-
Watered 
11.66 a§ 7.66 a 1.25 a 1.66 a 7.63 a 14.50 a 1.89 a 24.03 a 
Water- 
Stressed 
10.41 b 4.91 b 0.16 b 0.11 b 5.45 b 11.03 b 0.46 b 16.97 b 
§Columns sharing a common letter are not significantly different (P≤0.05). 
 
Table 22. Full factorial analysis of plant height, leaf area, electron transport rate (ETR), 
chlorophyll (Chl.) yield, main-stem leaf percent total nitrogen (%TN) and petiole %TN means 
per watering treatment for Water-Deficit Stress Experiment 2.   
Watering 
Treatment 
Plant Height 
(cm) 
Leaf Area 
(cm2) 
ETR Chl. Yield %TN Main-
stem Leaves 
%TN 
Petioles 
Well-
Watered 
94.33 a§ 1800.73 a 63.19 a 0.70 b 3.49 b 2.60 a 
Water- 
Stressed 
91.41 b 1273.34 b 62.68 a 0.72 a 3.87 a 2.70 a 
§Columns sharing a common letter are not significantly different (P≤0.05). 
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Table 23. Full factorial analysis of stomatal conductance means measured in millimoles per 
square meter per second (µmol/m2s) per watering treatment for Water-Deficit Stress 
Experiment 2. 
Watering 
Treatment 
Stomatal 
Conductance 
9/12/2013 
Stomatal 
Conductance 
9/14/2013 
Stomatal 
Conductance 
9/16/2013 
Stomatal 
Conductance 
9/18/2013 
Well-Watered 71.38 a§ 52.92 a 49.27 a 40.17 a 
Water-Stressed 33.73 b 31.02 b 26.91 b 24.82 b 
§Columns sharing a common letter are not significantly different (P≤0.05). 
 
Table 24. Full factorial analysis of total elongation means of first fully-expanded main-
stem leaves measured in centimeters (cm) per watering treatment for Water-Deficit Stress 
Experiment 2.  
 Watering Treatment  Total Leaf Elongation (cm) 
Well-Watered 28.60 a§ 
Water-Stressed 32.50 a 
§Columns sharing a common letter are not significantly different (P≤0.05). 
 
Table 25. Interaction between foliar and watering treatments for electron transport rate (ETR) 
means for Water-Deficit Stress Experiment 2. 
Foliar Treatment Watering Treatment ETR 
Control Well-Watered 64.62 ab§ 
Control Water-Stressed 69.49 a 
Urea Well-Watered 59.97 bc 
Urea Water-Stressed 61.56 b 
Nitamin Well-Watered 64.99 ab 
Nitamin Water-Stressed 55.33 c 
§Columns sharing a common letter are not significantly different (P≤0.05). 
 
Table 26. Interaction between foliar and watering treatments for the percentage of total nitrogen 
(%TN) means remaining in main-stem leaves for Water-Deficit Stress Experiment 2. 
Foliar Treatment Watering Treatment %TN Main-Stem Leaves 
Control Well-Watered 2.80 c§ 
Control Water-Stressed 3.61 b 
Urea Well-Watered 3.69 ab 
Urea Water-Stressed 4.11 a 
Nitamin Well-Watered 3.99 ab 
Nitamin Water-Stressed 3.88 ab 
§Columns sharing a common letter are not significantly different (P≤0.05). 
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Table 27. Node number, square number, flower number, boll number, leaf dry matter (DM) in 
grams (g), stem DM, fruit DM and total plant DM means per foliar treatment within the well-
watered and water-stress treatments for Water-Deficit Stress Experiment 2.   
Foliar 
Treatment 
Watering 
Treatment 
Node 
Number 
Square 
Number 
Flower 
Number 
Boll 
Number 
Leaf 
DM 
(g) 
Stem 
DM 
(g) 
Fruit 
DM 
(g) 
Total 
Plant 
DM 
(g) 
Control Well-
Watered 
11.75 a§ 6.75 a 1.50 a 1.75 a 7.64 a 14.87 a 2.26 a 24.78 a 
Urea Well-
Watered 
11.75 a 8.25 a 1.00 a 2.25 a 7.84 a 14.81 a 1.89 a 24.55 a 
Nitamin Well-
Watered 
11.50 a 8.00 a 1.25 a 1.00 a 7.42 a 13.83 a 1.52 a 22.78 a 
Control Water-
Stressed 
10.50 a 5.50 a 0.25 a 0.00 a 5.29 a 11.13 a 0.43 a 16.85 a 
Urea Water-
Stressed 
10.50 a 5.00 a 0.50 a 0.00 a 5.65 a 10.79 a 0.42 a 16.87 a 
Nitamin Water-
Stressed 
10.25 a 4.25 a 0.25 a 0.75 a 5.89 a 10.53 a 0.77 a 17.20 a 
§Columns for foliar and individual watering treatments sharing a common letter are not 
significantly different (P≤0.05). 
 
Table 28. Plant height, leaf area, electron transport rate (ETR), chlorophyll (Chl.) yield, main-
stem leaf percent total nitrogen (%TN) and petiole %TN means per foliar treatment within the 
well-watered and water-stressed treatments for Water-Deficit Stress Experiment 2.  
Foliar 
Treatment 
Watering 
Treatment 
Plant 
Height 
(cm) 
Leaf Area 
(cm2) 
ETR Chl. Yield %TN 
Main-stem 
Leaves 
%TN 
Petioles 
Control Well-
Watered 
94.00 a§ 1790.35 a 64.62 a 0.68 b 2.80 b 2.42 a 
Urea Well-
Watered 
94.25 a 1829.31 a 59.97 a 0.70 ab 3.69 a 2.65 a 
Nitamin Well-
Watered 
94.75 a 1782.53 a 64.99 a 0.72 a 3.99 a 2.73 a 
Control Water-
Stressed 
93.00 a 1195.93 a 69.49 a 0.72 a 3.61 b 3.14 a 
Urea Water-
Stressed 
90.50 a 1305.37 a 61.56 b 0.72 a 4.11 a 2.54 a 
Nitamin Water-
Stressed 
90.75 a 1318.73 a 55.33 b 0.73 a 3.88 ab 2.65 a 
§Columns for foliar and individual watering treatments sharing a common letter are not 
significantly different (P≤0.05). 
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Table 29. Stomatal conductance means measured in miilimoles per square meter per second 
(µmol/m2s) and total leaf elongation means measured in centimeters (cm) per foliar treatment 
within the well-watered and water-stressed treatments in Water-Deficit Stress Experiment 2. 
Foliar 
Treatment 
Watering 
Treatment 
Stomatal 
Conductance 
9/12/2013 
Stomatal 
Conductance 
9/14/2013 
Stomatal 
Conductance 
9/16/2013 
Stomatal 
Conductance 
9/18/2013 
Total Leaf 
Elongation 
(cm) 
Control Well-
Watered 
68.11 a§ 49.68 a 43.81 a 39.82 a 31.40 a 
Urea Well-
Watered 
66.60 a 52.28 a 50.78 a 41.83 a 23.94 a 
Nitamin Well-
Watered 
79.45 a 56.80 a 53.22 a 38.86 a 30.46 a 
Control Water-
Stressed 
28.97 a 31.31 a 23.20 b 23.32 a 32.90 a 
Urea Water-
Stressed 
39.46 a 31.36 a 32.18 a 30.33 a 31.69 a 
Nitamin Water-
Stressed 
32.76 a 30.41 a 25.35 b 24.27 a 32.91 a 
§Columns for foliar and individual watering treatments sharing a common letter are not 
significantly different (P≤0.05). 
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Figure 1. Urea precipitated out of foliar 
solution on the cotton leaf surface. 
Figure 2. Display of the viscosity of 
Nitamin on the cotton leaf surface. 
Figure 3. Leaf burn from foliar urea applied 
at a rate equivalent to 6.7 kg N/hectare 
within the high temperature treatment of 
Temperature Stress Experiment 1. 
Figure 4. Leaf burn from foliar urea 
applied at a rate equivalent to 11.23 kg 
N/hectare within the high temperature  
treatment of Temperature Stress 
Experiment 2. 
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Figure 5. Leaf burn from Nitamin applied 
at a rate equivalent to 11.23 kg N/hectare 
within the high temperature treatment of 
Temperature Stress Experiment 2. 
Figure 6. Leaf burn from foliar urea 
applied at a rate equivalent to 11.23 kg 
N/hectare within the control temperature 
treatment of Temperature Stress 
Experiment 2. Note the precipitation of 
urea out of the foliar solution. 
Figure 7. Viscosity of Nitamin applied at a 
rate equivalent to 11.23 kg N/hectare within 
the control temperature treatment of 
Temperature Stress Experiment 2. Note the 
absence of leaf burn. 
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Appendix II 
Chapter II 
 
Table 1. Starch, glucose, fructose and sucrose contents of subtending leaves and first position 
flower ovaries measured in milligram per milligram dry weight (mg/mg DW) means per foliar 
treatment within the low humidity treatment for Humidity Stress Experiment 1. 
 Subtending Leaf First Position Flower Ovary 
Treatment Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Control 0.057 a§ 0.002 a 0.001 a 0.002 a 0.055 a 0.003 a 0.002 a 0.003 a 
Urea 0.054 a 0.002 a 0.001 a 0.002 a 0.053 a 0.003 a 0.003 a 0.003 a 
Nitamin 0.054 a 0.001 a 0.001 a 0.003 a 0.052 a 0.005 a 0.004 a 0.006 a 
§Columns sharing a common letter are not significantly different (P≤0.05). 
 
Table 2. Starch, glucose, fructose and sucrose contents of subtending leaves and first 
position flower ovaries measured in milligram per milligram of dry weight (mg/mg DW) 
means per foliar treatment within the high humidity treatment for Humidity Stress 
Experiment 1. 
 Subtending Leaf First Position Flower Ovary 
Treatment Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Control 0.054 b§ 0.002 a 0.001 a 0.002 a 0.054 b 0.002 a 0.002 a 0.003 a 
Urea 0.058 a 0.002 a 0.001 a 0.003 a 0.054 b 0.006 a 0.006 a 0.004 a 
Nitamin 0.053 b 0.002 a 0.001 a 0.003 a 0.063 a 0.005 a 0.006 a 0.009 a 
§Columns sharing a common letter are not significantly different (P≤0.05). 
 
Table 3. Starch, glucose, fructose and sucrose contents of subtending leaves and first position 
flower ovaries measured in milligram per milligram dry weight (mg/mg DW) means per foliar 
treatment within the low humidity treatment for Humidity Stress Experiment 2. 
 Subtending Leaf First Position Flower Ovary 
Treatment Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Control 0.021 a§ 0.009 a 0.011 a 0.020 a 0.020 a 0.002 b 0.004 a 0.016 a 
Urea 0.020 a 0.008 a 0.008 a 0.016 a 0.020 a 0.004 a 0.005 a 0.023 a 
Nitamin 0.021 a 0.007 a 0.009 a 0.018 a 0.020 a 0.002 b 0.008 a 0.016 a 
§Columns sharing a common letter are not significantly different (P≤0.05). 
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Table 4. Starch, glucose, fructose and sucrose contents of subtending leaves and first position 
flower ovaries measured in milligram per milligram dry weight (mg/mg DW) means per foliar 
treatment within the high humidity treatment for Humidity Stress Experiment 2. 
 Subtending Leaf First Position Flower Ovary 
Treatment Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Control 0.021 a§ 0.006 a 0.009 a 0.015 a 0.019 a 0.002 a 0.004 a 0.016 a 
Urea 0.020 a 0.008 a 0.008 a 0.021 a 0.020 a 0.005 a 0.009 a 0.025 a 
Nitamin 0.020 a 0.008 a 0.011 a 0.019 a 0.020 a 0.003 a 0.007 a 0.017 a 
§Columns sharing a common letter are not significantly different (P≤0.05). 
 
Table 5. Starch, glucose, fructose and sucrose contents of subtending leaves and first position 
flower ovaries measured in milligram per milligram dry weight (mg/mg DW) means per foliar 
treatment within the high temperature treatment for Temperature Stress Experiment 1. 
 Subtending Leaf First Position Flower Ovary 
Treatment Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Control 0.052 a§ 0.002 a 0.001 a 0.003 a 0.051 a 0.003 a 0.002 a 0.001 a 
Urea 0.053 a 0.001 a 0.001 a 0.002 a 0.052 a 0.004 a 0.004 a 0.002 a 
Nitamin 0.052 a 0.001 a 0.001 a 0.002 a 0.053 a 0.005 a 0.005 a 0.004 a 
§Columns sharing a common letter are not significantly different (P≤0.05). 
 
Table 6. Starch, glucose, fructose and sucrose contents of subtending leaves and first position 
flower ovaries measured in milligram per milligram dry weight (mg/mg DW) means per foliar 
treatment within the control temperature treatment for Temperature Stress Experiment 1. 
 Subtending Leaf First Position Flower Ovary 
Treatment Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Control 0.052 a§ 0.001 a 0.001 a 0.002 a 0.054 a 0.002 a 0.002 ab 0.003 a 
Urea 0.052 a 0.001 a 0.001 a 0.003 a 0.054 a 0.003 a 0.003 a 0.001 a 
Nitamin 0.052 a 0.001 a 0.001 a 0.001 a 0.053 a 0.001 a 0.001 b 0.001 a 
§Columns sharing a common letter are not significantly different (P≤0.05). 
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Table 7. Starch, glucose, fructose and sucrose contents of subtending leaves and first position 
flower ovaries measured in milligram per milligram dry weight (mg/mg DW) means per foliar 
treatment within the high temperature treatment for Temperature Stress Experiment 2. 
 Subtending Leaf First Position Flower Ovary 
Treatment Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Control 0.018 a§ 0.006 a 0.008 a 0.022 a 0.021 a 0.004 a 0.009 a 0.019 a 
Urea 0.019 a 0.010 a 0.013 a 0.023 a 0.021 a 0.008 a 0.016 a 0.026 a 
Nitamin 0.018 a 0.006 a 0.008 a 0.021 a 0.020 a 0.007 a 0.014 a 0.024 a 
§Columns sharing a common letter are not significantly different (P≤0.05). 
 
Table 8. Starch, glucose, fructose and sucrose contents of subtending leaves and first position 
flower ovaries measured in milligram per milligram dry weight (mg/mg DW) means per foliar 
treatment within the control temperature treatment for Temperature Stress Experiment 2. 
 Subtending Leaf First Position Flower Ovary 
Treatment Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Control 0.018 a§ 0.007 a 0.009 a 0.017 a 0.020 a 0.008 a 0.013 a 0.026 a 
Urea 0.019 a 0.007 a 0.009 a 0.019 a 0.020 a 0.008 a 0.015 a 0.024 a 
Nitamin 0.019 a 0.009 a 0.011 a 0.022 a 0.020 a 0.005 a 0.010 a 0.019 a 
§Columns sharing a common letter are not significantly different (P≤0.05). 
 
Table 9. Full factorial analysis of subtending leaf and first position flower ovary starch, 
glucose, fructose and sucrose content in milligram per milligram dry weight (mg/mg DW) 
means per foliar treatment for Water-Deficit Stress Experiment 1. 
 Subtending Leaf First Position Flower Ovary 
Treatment Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Control 0.065 a§ 0.011 a 0.001 a 0.038 a 0.065 b 0.006 a 0.001 a 0.017 a 
Urea 0.065 a 0.009 a 0.001 a 0.021 b 0.066 b 0.006 a 0.003 a 0.019 a 
Nitamin 0.067 a 0.006 a 0.000 a 0.025 b 0.070 a 0.005 a 0.001 a 0.028 a 
§Columns sharing a common letter are not significantly different (P≤0.05). 
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Table 10. Full factorial analysis of subtending leaf and first position flower ovary starch, 
glucose, fructose and sucrose content in milligram per milligram dry weight (mg/mg DW) 
means per watering treatment for Water-Deficit Stress Experiment 1. 
 Subtending Leaf First Position Flower Ovary 
Watering 
Treatment 
Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Well-
Watered 
0.065 b§ 0.010 a 0.001 a 0.020 b 0.066 b 0.004 a 0.001 a 0.018 a 
Water- 
Stressed 
0.067 a 0.007 a 0.000 b 0.036 a 0.068 a 0.006 a 0.002 a 0.025 a 
§Columns sharing a common letter are not significantly different (P≤0.05). 
 
Table 11. Starch, glucose, fructose and sucrose contents of subtending leaves and first position 
flower ovaries measured in milligram per milligram dry weight (mg/mg DW) means per foliar 
treatment within the water-deficit stress treatment for Water-Deficit Stress Experiment 1. 
 Subtending Leaf First Position Flower Ovary 
Treatment Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Control 0.065 b§ 0.007 a 0.001 a 0.043 a 0.066 b 0.008 a 0.005 a 0.030 a 
Urea 0.066 b 0.009 a 0.001 a 0.024 b 0.065 b 0.007 a 0.004 a 0.016 a 
Nitamin 0.070 a 0.005 a 0.000 a 0.040 a 0.073 a 0.005 a 0.001 a 0.028 a 
§Columns sharing a common letter are not significantly different (P≤0.05). 
 
Table 12. Starch, glucose, fructose and sucrose contents of subtending leaves and first position 
flower ovaries measured in milligram per milligram dry weight (mg/mg DW) means per foliar 
treatment within the well-watered treatment for Water-Deficit Stress Experiment 1. 
 Subtending Leaf First Position Flower Ovary 
Treatment Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Control 0.065 a§ 0.015 a 0.001 a 0.032 a 0.065 b 0.004 a 0.001 a 0.004 b 
Urea 0.065 a 0.009 a 0.000 b 0.017 a 0.066 a 0.005 a 0.002 a 0.022 ab 
Nitamin 0.064 a 0.007 a 0.000 b 0.010 a 0.067 a 0.004 a 0.001 a 0.028 a 
§Columns sharing a common letter are not significantly different (P≤0.05). 
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Table 13. Full factorial analysis of subtending leaf and first position flower ovary starch, 
glucose, fructose and sucrose content in milligram per milligram dry weight (mg/mg DW) 
means per foliar treatment for Water-Deficit Stress Experiment 2. 
 Subtending Leaf First Position Flower Ovary 
Treatment Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Control 0.059 a§ 0.017 a 0.018 a 0.030 a 0.059 a 0.003 a 0.004 a 0.006 a 
Urea 0.056 a 0.016 a 0.018 a 0.027 a 0.060 a 0.002 a 0.003 a 0.009 a 
Nitamin 0.058 a 0.015 a 0.016 a 0.028 a 0.059 a 0.003 a 0.003 a 0.008 a 
§Columns sharing a common letter are not significantly different (P≤0.05). 
 
Table 14. Full factorial analysis of subtending leaf and first position flower ovary starch, 
glucose, fructose and sucrose content in milligram per milligram dry weight (mg/mg DW) 
means per watering treatment for Water-Deficit Stress Experiment 1. 
 Subtending Leaf First Position Flower Ovary 
Watering 
Treatment 
Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Well-
Watered 
0.059 a§ 0.016 a 0.017 a 0.029 a 0.059 a 0.003 a 0.003 a 0.010 a 
Water- 
Stressed 
0.057 b 0.015 a 0.017 a 0.028 a 0.060 a 0.003 a 0.004 a 0.005 a 
§Columns sharing a common letter are not significantly different (P≤0.05). 
 
Table 15. Starch, glucose, fructose and sucrose contents of subtending leaves and first position 
flower ovaries measured in milligram per milligram dry weight (mg/mg DW) means per foliar 
treatment within the water-deficit stress treatment for Water-Deficit Stress Experiment 2. 
 Subtending Leaf First Position Flower Ovary 
Treatment Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Control 0.058 a§ 0.016 a 0.018 a 0.031 a 0.059 a 0.003 a 0.004 a 0.058 a 
Urea 0.055 a 0.014 a 0.017 a 0.026 a 0.061 a 0.002 a 0.003 a 0.051 a 
Nitamin 0.057 a 0.015 a 0.016 a 0.026 a 0.061 a 0.003 a 0.003 a 0.050 a 
§Columns sharing a common letter are not significantly different (P≤0.05). 
 
  
 114 
Table 16. Starch, glucose, fructose and sucrose contents of subtending leaves and first position 
flower ovaries measured in milligram per milligram dry weight (mg/mg DW) means per foliar 
treatment within the well-watered treatment for Water-Deficit Stress Experiment 2. 
 Subtending Leaf First Position Flower Ovary 
Treatment Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Starch 
(mg/mg 
DW) 
Glucose 
(mg/mg 
DW) 
Fructose 
(mg/mg 
DW) 
Sucrose 
(mg/mg 
DW) 
Control 0.061 a§ 0.017 a 0.019 a 0.028 a 0.059 a 0.003 a 0.004 a 0.007 a 
Urea 0.058 a 0.018 a 0.019 a 0.028 a 0.060 a 0.002 a 0.003 a 0.013 a 
Nitamin 0.058 a 0.015 a 0.017 a 0.030 a 0.057 a 0.003 a 0.003 a 0.011 a 
§Columns sharing a common letter are not significantly different (P≤0.05). 
 
 
 115 
Chapter III  
 
Comparison of the Rates of Nitrogen Uptake, Ammonia Volatilization, Leaf Surface 
Runoff and Leaf Adsorption from Foliar-Applied Nitrogen Fertilizers    
  
Abstract 
 
The use of foliar-applied nitrogen (N) fertilizers in cotton (Gossypium hirsutum L.) production 
can be beneficial towards overcoming N deficiencies as well as increasing overall yields. 
However, the rates over time at which these foliar-N fertilizers can penetrate or be lost from 
cotton leaves are less understood. Two trials were conducted in a controlled climate growth 
chamber at the University of Arkansas in Fayetteville, AR in 2013-2014. In the first trial, foliar 
N treatments consisted of: (1) a no foliar-N applied control; (2) foliar-applied urea; and (3) a 
slow-release foliar-N fertilizer Nitamin®, all applied at rates equivalent to 11.23 kg N/hectare 
(ha). Measurements of the amount of foliar-N collected in rinsate samples and lost by ammonia 
(NH3) volatilization were collected at time intervals of 1, 6 and 12 hours after foliar applications 
and used to determine the amount of foliar-N either absorbed and/or adsorbed by cotton leaves. 
In the second experiment, foliar N treatments consisted of: (1) a no foliar-N applied control; (2) 
foliar-applied urea; (3) Nitamin®; and (4) foliar UAN 32, all applied at rates equivalent to 11.23 
kg N/ha. Measurements of the amount of foliar-N collected in rinsate, lost through NH3 
volatilization and by adsorption to the cuticle wax were collected at sampling times of 4, 8 and 
16 hours after foliar applications. In the first experiment, Nitamin had significantly higher 
percentages of total N (%TN) absorbed and/or absorbed as well as TN lost through NH3 
volatilization over foliar-applied urea at all sampling times; most likely the result of foliar urea 
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treated leaves losing the majority of foliar-applied N via rinsate off of the leaf surface. In the 
second experiment, Nitamin and UAN 32 had a significantly higher %TN absorbed in cotton 
leaves than foliar urea at 4 and 8 hours after foliar applications while no significant differences 
were observed at 16 hours. Similar to the first experiment, the major foliar-N loss mechanism for 
foliar-applied urea was through rinsing, while UAN 32 lost significantly more foliar-applied N 
via NH3 volatilization than Nitamin and foliar urea, respectively. These results demonstrate the 
variability of different foliar-N fertilizers regarding their respective N loss pathways along with 
their relative effectiveness in cotton leaf uptake potential.  
 
Introduction 
 
Foliar nitrogen (N) fertilization of cotton (Gossypium hirsutum L.) is viewed upon as a 
reliable method in which to provide N to cotton plants that may experience N deficiencies within 
a growing season (Craig Jr., 2002; Oosterhuis and Weir, 2010). Deficiencies of N during the 
critical reproductive stage can impair many facets of cotton growth and development as well as 
having detrimental effects on overall yields (Bondada et al., 1997). Therefore, maintaining an 
adequate and available supply of N during the fruiting period is vital in order to insure proper 
reproductive development and guarantee productive yields (Zhu and Oosterhuis, 1992). 
 Although soil-incorporated N fertilizers can be lost from the soil by processes such as 
leaching, ammonia volatilization and surface runoff (Barber, 1984); foliar-N fertilizers can also 
be subjected to a variety of mechanisms as well that can severely reduce their efficacy 
(Wiedenfeld et al., 2009). Once a foliar-N fertilizer has come into contact with the surface of a 
cotton leaf, the foliar-N solution can either be absorbed through the leaf cuticle and subsequently 
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translocated to other regions of active plant growth (Boynton, 1954) or remain adsorbed to the 
leaf surface and not enter into the leaf (Kannan, 1986). In addition, applied-foliar N fertilizers 
can be washed off of cotton leaf surfaces if a substantial amount of rainfall occurs shortly after 
application (Boynton, 1954). Leaf penetration capacity of some foliar-N fertilizers can also be 
impaired by a high potential to crystallize (Oosterhuis and Weir, 2010) and/or volatilize into the 
surrounding atmosphere (Wiedenfeld et al., 2009). Some of these detrimental effects can be 
alleviated by the use of slow-release foliar-N fertilizers that adhere to the leaf surface more 
tightly for improved uptake potential over time (Koch Agronomic Services, 2011).  
 Among the numerous sources of foliar-N fertilizers, foliar urea (46-0-0) (N-P-K) is the 
most commonly used as a result of its inexpensive cost, high level of solubility and its rapid rate 
of absorption (Oosterhuis et al., 1989; Zhu, 1989). Traditional soil-incorporated fertilizers such 
as urea ammonium nitrate (UAN) (32-0-0) can also be used as a foliar-N source for correcting 
late-season N deficiencies (Rajendran et al., 2010). Additionally, foliar-N fertilizers such as 
Nitamin® (30-0-0) utilize a slow-release technology in order to slowly release foliar-applied N 
over time (Koch Agronomic Services, 2011).      
 Investigations concerning the fates of foliar-applied N fertilizers have been well 
documented (Boynton, 1954; Kannan, 1986) but research into the amount and rate of leaf foliar- 
N uptake over time from various foliar-N fertilizers has been rare. Furthermore, examinations 
and comparisons of foliar-N fertilizers regarding N loss mechanisms such as surface runoff and 
volatilization are also scarce. Therefore, in order to assess the efficacy of a variety of foliar-N 
fertilizer sources, their respective leaf uptake potentials along with their primary N loss 
mechanisms upon contact with the cotton leaf surface need to be quantified. 
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It was hypothesized that foliar applications of Nitamin to cotton leaves would result in 
significantly reduced amounts of foliar-N lost via rinsing and volatilization when compared to 
foliar-applied urea and UAN 32. In addition, as a result of its viscous nature, it is hypothesized 
that the absorption potential for Nitamin into cotton leaves would be significantly higher over 
time than foliar urea and UAN 32. Therefore, the objectives of these growth chamber 
experiments were to quantify the rates and amount of absorption for three types of foliar-N 
fertilizers at different time intervals, as well as determining the amount of applied-foliar N lost 
via leaf surface runoff and ammonia volatilization.    
 
Materials and Methods  
 
 The first growth chamber study (henceforth referred to as "Leaf Absorption Experiment 
1") used a complete randomized design consisting of 9 treatments and 3 replications. A total of 9 
2-L pots, filled with a horticultural growing media (SunGro Distribution Inc., Bellevue, WA) 
with no nutrient charge, were used for the experiment. Plants were grown in a growth chamber 
programmed at 32/24°C (day/night) temperatures, 14 hour photoperiods and 60% relative 
humidity.    
 In Leaf Absorption Experiment 1, cotton (Gossypium hirsutum L.) cultivar 'Stoneville 
4288 B2RF' was planted on December 19, 2013 at a seeding rate of 3 seeds per pot and a depth 
of 2.5 cm. At approximately two weeks after planting, the plants were reduced to one plant per 
pot. Treatments included a no foliar fertilizer applied control, foliar-applied urea (1%) and foliar-
applied Nitamin (1%). The foliar applications of urea and Nitamin were applied on January 24, 
2014 at rates equivalent to 11.23 kg N/ha using a micron pipette and spread on the leaf surface 
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with a metal spatula to three main-stem leaves per plant from main-stem nodes 4-6. Leaves were 
sampled at time intervals of 1, 6, and 12 hours after foliar applications.  
 The second growth chamber study ("Leaf Absorption Experiment 2") used a complete 
randomized design consisting of 12 treatments and 3 replications. A total of 36 2-L pots, filled 
with a horticultural growing media (SunGro Distribution Inc., Bellevue, WA) with no nutrient 
charge, were used for the experiment. Plants were grown in a growth chamber programmed at 
32/24°C (day/night) temperatures, 14 hour photoperiods and 60% relative humidity.    
In the experiment, cotton (Gossypium hirsutum L.) cultivar 'Stoneville 4288 B2RF' was 
planted on February 17-18, 2014 at a seeding rate of 3 seeds per pot and a depth of 2.5 cm. At 
approximately two weeks after planting, the plants were reduced to one plant per pot. Treatments 
included a no foliar fertilizer applied control, foliar-applied urea (1%), Nitamin (1%) and urea 
ammonium nitrate (UAN 32) (0.4%). The foliar applications of urea, Nitamin and UAN 32 
occurred on March 26, 2014 at rates equivalent to 11.23 kg N/ha using a micron pipette and 
spread on the leaf surface with a metal spatula to the first fully-expanded main-stem leaf located 
at the fourth main-stem node from the top of each plant. Leaves were sampled at time intervals 
of 4, 8, and 16 hours after foliar applications.  
 
Measurements Conducted  
Leaf Absorption Experiment 1 
 
 Leaves for sampling were covered with a 3.785 L clear plastic Ziploc bag containing a 10 
ml solution of 1.5 molar (M) sulfuric acid (H2SO4)/H2O in order to capture ammonia (NH3) from 
volatilizing off of the leaf surface and convert it to ammonium (NH4+). This solution was then 
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combined with a 20 ml solution of 1.5 M potassium chloride (KCl)/H2O for preservation 
purposes. From this overall solution, a 10 ml respective sample was taken and frozen for 
subsequent analysis. Rinsate samples were obtained by placing each harvested leaf in a 50 ml 
tube containing 10 ml of deionized water. The tube containing a leaf was then gently shaken in 
order to remove any foliar fertilizer still adhering to the leaf surface. Rinsate samples were then 
collected and frozen.  
 The total amount of N lost either through rinsate and NH3 volatilization was determined 
by adding these two quantities in parts per million (ppm) and subtracting from the total amount 
of N applied (ppm) from each respective foliar fertilizer. Total N (TN) losses were then 
expressed in terms of the percentage of TN lost per the amount of TN applied. The total amount 
of N either absorbed through or still adsorbed to the leaf surface was obtained by subtracting the 
TN lost as both rinsate and gas from the total amount of N applied. Total nitrogen absorbed or 
adsorbed was then expressed in terms of the percentage of TN retained per the amount of TN 
applied. The no-fertilizer-applied control was excluded from the resulting graphs and analyses. 
 
Leaf Absorption Experiment 2 
 
Leaves for sampling were covered with a 3.785 L clear plastic Ziploc bag containing a 10 
ml solution of 1.5 M H2SO4/H2O in order to capture NH3 from volatilizing off of the leaf surface 
and convert it to NH4+. Rinsate samples were obtained by placing each harvested leaf in a 50 ml 
tube containing 10 ml of deionized water. The tube containing a leaf was then gently shaken in 
order to remove any foliar fertilizer still adhering to the leaf surface. Adsorbed N samples were 
made by immersing the leaf in 10 ml of chloroform in order to extract the leaf cuticle. Rinsate, 
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gas capture and chloroform samples were then collected and frozen along with foliar-N treated 
and control sampled leaves being oven-dried.  
The chloroform samples were removed from the freezer and allowed to stand at room 
temperature for two hours. After which, 2 ml of sodium dodecyl sulfate (SDS) solution (1%) was 
injected into the chloroform sample tubes and the solution was then shaken. The sample tubes 
were then placed into a refrigerator for three days in order to separate the chloroform and H2O. 
Then, approximately 2 ml of H2O was extracted from these sample tubes and frozen for adsorbed 
N analysis using the Kjeldahl heat block digest method (Persson et al., 2008).  
The total amount of N lost either through rinsate, ammonia volatilization or adsorbed 
onto the leaf surface was determined by adding these three quantities in parts per million (ppm) 
and subtracting from the total amount of N applied (ppm) from each respective foliar fertilizer. 
Total N (TN) losses were then expressed in terms of the percentage of TN lost per the amount of 
TN applied. This calculation gave an estimate of the amount of foliar-applied N absorbed 
through the leaf surface. Total nitrogen absorbed was then expressed in terms of the percentage 
of TN retained per amount of TN applied. The no-fertilizer-applied control was excluded from 
rinsate and gas capture graphs and analyses. 
 
Statistical Analyses 
 
Analysis of variance methods and Student's t-tests were used to determine any significant 
differences between foliar treatments, sampling times and/or possible interactions between foliar 
treatments and sampling times in a 3 x 3 full factorial arrangement (Leaf Absorption Experiment 
1) and a 4 x 3 full factorial arrangement (Leaf Absorption Experiment 2) at P≤0.05. The response 
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variable was distributed among factorial components by using the “Fit Model” platform provided 
by JMP Pro 11.0 and 11.2 (SAS Institute, Cary, NC). In the statistical model, outliers were 
excluded from response variable analysis if the outliers had values greater than 2 standard 
deviations from the overall mean. 
 
Results and Discussion 
 
Leaf Absorption Experiment 1 
 
Statistical analysis showed that there was an interaction between the foliar treatment and 
sampling time main effects in the %TN collected in rinsate samples (P=0.0229). At the 1 hour 
sampling time, a significant amount of N was washed off of the foliar urea treated leaves and 
was significantly higher than Nitamin (Fig. 1). At the 6 hour sampling time, significantly more N 
was again observed in urea rinsate samples than in Nitamin. This indicates an increase in either 
leaf absorption and/or leaf surface adsorption of Nitamin as a result of its viscous nature (Koch 
Agronomic Services, 2011). At the 12 hour sampling time, there was still no change in the 
amount of N washed off of the Nitamin treated leaves. Nitamin's leaf adhesive potential at 12 
hours was still greater than foliar urea as Nitamin had significantly less %TN in rinsate at the 12 
hour sampling time. The linear decrease in foliar urea is indicative of the capacity of foliar urea 
to precipitate on the leaves shortly after foliar application (Oosterhuis and Weir, 2010), as 
observed in all of the urea rinsate sampling times. 
The %TN lost through NH3 volatilization was significant for the foliar treatment 
(P<0.0001) and sampling time main effects (P=0.0130). Figure 2 shows the amount of TN lost 
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via volatilization was overall relatively small (0.008-0.035% of total N applied) and statistically 
significant between the two foliar treatments at the 1, 6 and 12 hour sampling times. In each 
sampling interval, Nitamin had a significantly higher %TN lost via NH3 volatilization than foliar 
urea. This indicates an increase in the residence time for Nitamin on Nitamin-treated leaves as 
the significant reductions for foliar urea are most likely the result of an increase in %TN lost 
through rinsate (Boynton, 1954), as evidenced in Figure 1. The significant reductions in NH3 
volatilization for foliar urea are consistent with studies concerning irrigated semi-dwarf wheat 
(cv. Matong) (Smith et al., 1991), creeping bentgrass (Agrostis stolonifera L. var. palustris 
(Huds.) Farv. cv. Penn A1) and hybrid bermudagrass (Cynodon dactylon L. Pers. x C. 
transvaalensis Burtt Davy cv. Tifeagle) putting greens (Stiegler et al., 2011) along with 
transgenic potato (Solanum tuberosum cv. Desiree) (Witte et al., 2002).        
Analysis of the %TN lost off cotton leaves through rinsing and NH3 volatilization was 
similar to the rinsate analysis in that an interaction was observed between the foliar treatment 
and the sampling time main effects (P=0.0227) (Fig. 3). This statistical similarity indicates that 
leaf surface runoff was the primary loss mechanism of applied foliar N in this experiment. 
Similar to the rinsate analysis, Nitamin had significantly less %TN lost at the 1, 6 and 12 hour 
sampling times. 
The %TN either absorbed or adsorbed by cotton leaves throughout different sampling 
times for foliar-applied urea and Nitamin is shown in Figure 4. Statistical analysis showed an 
interaction between the foliar treatment and sampling time main effects (P=0.0227) that was 
similar to the analyses for both the %TN lost by rinsing and the %TN lost by a combination of 
rinsing and NH3 volatilization. In fact, the curve for Nitamin and the linear progression for foliar 
urea are almost identical inverses of Figures 1 and 3. The increase in retention for Nitamin may 
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be due to its adhesive ability to stay on cotton leaves even when undergoing a thorough rinsing. 
The linear increase of foliar urea and its corresponding linear decrease in the %TN remaining in 
rinsate (Fig. 1) possibly indicates that urea effectively penetrates the leaf over a wide time range 
(Oosterhuis et al., 1991), whereas Nitamin retention slightly decreases starting approximately 7 
hours after foliar application (Fig. 4). The TN budgets for foliar urea and Nitamin at each 
sampling time are displayed in Table 1. The interactions between the foliar treatment and 
sampling time main effects regarding the %TN lost via rinsate along with the %TN 
adsorbed/absorbed to cotton leaves are shown in Table 2.  
 
Leaf Absorption Experiment 2  
 
 Both the foliar treatment (P<0.0001) and sampling time main effects (P=0.0010) were 
significant in the %TN lost via rinsing. At the 4 hour sampling time, a significant amount of N 
was rinsed off of the foliar-urea treated leaves with foliar urea losing more N than Nitamin and 
UAN 32 (Fig. 5). At the 8 hour sampling time, significantly less N was again observed in 
Nitamin and UAN 32 rinsate samples than in the foliar urea. This suggests increases in either 
leaf adsorption/absorption of UAN 32 and Nitamin, the latter because of its viscous nature. At 
the 16 hour sampling time, Nitamin and UAN 32 still had significantly lower amounts of %TN 
in rinsate samples than foliar urea. The linear decrease in foliar urea is similar to the linear 
decrease observed for foliar urea in Leaf Absorption Experiment 1 (Fig. 1) and may be the result 
of the tendency of foliar urea to precipitate out of solution and remain on cotton leaf surfaces 
after foliar application (Oosterhuis and Weir, 2010). Additionally, Smith et al. (1991) determined 
that 34% of the foliar urea applied to irrigated semi-dwarf wheat (cv. Matong) was washed off of 
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the plant after rainfall events of 3 and 2 millimeters.  
 The %TN lost through NH3 volatilization was only significant for the foliar treatment 
main effect (P<0.0001). Figure 6 shows the amount of %TN lost through volatilization was 
highest for UAN 32 and was significantly higher than Nitamin and foliar urea at all sampling 
times respectively. Nitamin, in turn, was significantly higher than foliar urea in each sampling 
interval. The significant increase in NH3 volatilization for UAN 32 may possibly be attributed to 
the presence of ammonium (NH4+) already within UAN 32. The autoanalyzer used by the soil 
and plant diagnostic laboratory to analyze these gas samples was primed for the detection of 
NH4-N. Thus, the conversion of NH3 to NH4+ was unnecessary for UAN 32. Since Nitamin and 
foliar urea share similarities in their respective chemical structures (Koch Agronomic Services, 
2011), this conversion was required for proper NH4-N analysis. The increases in NH3 
volatilization for both UAN 32 and Nitamin suggest a longer residence time on cotton leaves 
than foliar urea, whose main N loss mechanism appears to be through leaf surface runoff 
(Boynton, 1954).  
 The %TN adsorbed to the leaf surface for all foliar treatments differed from the no-foliar-
fertilizer applied control (P<0.0001) (Fig. 7). This is to be expected as the control treatment 
received no foliar-N fertilization. Statistical analysis of the %TN adsorbed among the three 
remaining foliar treatments was non-significant. However, inferences can be made regarding the 
%TN adsorbed cotton leaves by examining the numerical differences between foliar treatments. 
At the 4 hour sampling time, UAN 32 had a numerical increase in %TN adsorbed over Nitamin 
and foliar urea, respectively. This is surprising due to Nitamin's viscous nature that significantly 
reduced its leaf surface runoff when compared to foliar urea and may be an indicator of increased 
adherence for UAN 32 on cotton leaves shortly after application. At the 8 hour sampling time, 
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the three foliar treatments were similar in the %TN adsorbed. At the 16 hour sampling time, 
foliar urea had a numerical advantage in the %TN adsorbed over UAN 32 and Nitamin.  
 Utilizing all of the measured response variables, statistical analysis of the %TN absorbed 
by cotton leaves was determined to be significant between the foliar treatment (P<0.0001) and 
sampling time main effects (P=0.0014). Analyzing the three foliar-N fertilizers at the 4 and 8 
hour sampling times, Nitamin and UAN 32 had a significantly higher %TN absorbed than foliar 
urea and in turn, were not significantly different from one another (Fig. 8). At the 16 hour 
sampling time, foliar urea had a significant increase in the %TN absorbed but was not 
significantly different than Nitamin and UAN 32. At 16 hours after application the %TN 
absorbed increased for foliar urea compared to the 4 and 8 hour sampling times (Oosterhuis et 
al., 1991). Additionally, the sampling time of 16 hours was significantly higher in the %TN 
absorbed than the 8 and 4 hour sampling times. This is most likely due an increase in the 
residence time that these foliar-N fertilizers had on individual cotton leaf surfaces. The total N 
budgets for foliar urea, UAN 32 and Nitamin at each sampling time are displayed in Table 3. 
 
Conclusion 
 
 In Leaf Absorption Experiments 1 and 2, the main pathway of foliar-N loss for foliar-
applied urea was through leaf surface runoff and this runoff gradually decreased over time as 
absorption increased. This suggests that the effectiveness of foliar urea in penetrating cotton 
leaves can be severely impaired if a rainfall event occurs within 4 to 8 hours after application. 
The increase in %TN in surface runoff for foliar urea is most likely the result of its tendency to 
precipitate out of foliar solution; leaving a white powder on the leaf surface that is highly 
vulnerable to rinsing. Conversely, foliar urea was demonstrated to have a very low ammonia 
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volatilization potential, further supporting the claim that the majority of foliar urea is lost from 
cotton leaves via runoff.  
 The main N loss pathway for UAN 32 in Leaf Absorption Experiment 2 was determined 
to be through ammonia volatilization off of the leaf surface. This effect is possibly the result of 
the presence of ammonia already within the UAN chemical formulation; which rendered its gas 
capture percentage to be significantly higher than Nitamin and foliar urea. Additionally, the leaf 
absorptive capacity of UAN 32 appeared to be enhanced over time along with Nitamin and foliar 
urea as these foliar-N fertilizers demonstrated respective linear increases in the %TN absorbed 
from 4 to 16 hours after application.  
 In Leaf Absorption Experiments 1 and 2, the amount of foliar-applied Nitamin lost  
through surface runoff and through ammonia volatilization was relatively small. This is most 
likely the result of Nitamin's viscous nature that increases its residence time on the leaf surface. 
This increased residence time was evident in the analysis of the %TN absorbed by cotton leaves 
as Nitamin was significantly higher than foliar urea at the 4 and 8 hour sampling times and was 
numerically higher than both foliar urea and UAN 32 at all sampling times. Further investigation 
needs to be conducted to ascertain if Nitamin's increased absorption potential and slow-release 
technology results in enhancing cotton growth and development in comparison to a foliar-N 
fertilizer standard such as foliar urea.  
 As a result of one cotton cultivar being used in these experiments, significant responses 
and subsequent leaf N budgets in regards to foliar-N fertilizers may differ among other cotton 
cultivars due to variations in leaf morphology and other physical characteristics that may serve to 
either promote or deter effective foliar-N leaf absorption.   
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Table 1. Total nitrogen budget (%TN) means per foliar treatment in Leaf Absorption Experiment 
1. Sampling times indicate hours (hrs.) after foliar applications.  
Foliar Treatment Sampling Time 
(hrs.) 
%TN Lost 
(Rinsate) 
%TN Lost 
(Volatilization) 
%TN 
(Adsorbed/Absorbed) 
Foliar Urea 1 13.19 a§ 8.36 x 10-5 b 86.79 b 
Nitamin 1 2.46 b 1.74 x 10-4 a 97.52 a 
Foliar Urea 6 10.14 a 8.73 x 10-5 b 89.85 b 
Nitamin 6 1.28 b 2.75 x 10-4 a 98.69 a 
Foliar Urea 12 6.59 a 1.21 x 10-4 b 93.39 b 
Nitamin 12 1.81 b 3.50 x 10-4 a 98.15 a 
§Columns for foliar and individual sampling time treatments sharing a common letter are not 
significantly different (P≤0.05). 
 
Table 2. Interaction between the foliar treatment and sampling time main effects for the 
percentage of total nitrogen (%TN) lost as rinsate or adsorbed/absorbed to cotton leaves in Leaf 
Absorption Experiment 1. Sampling times indicate hours (hrs.) after foliar applications.  
Foliar Treatment Sampling Time (hrs.) %TN Lost (Rinsate) %TN 
(Adsorbed/Absorbed) 
Foliar Urea 1  13.19 a§ 86.79 d 
Foliar Urea 6 10.13 b 89.85 c 
Foliar Urea 12 6.59 c 93.39 b 
Nitamin 1 2.46 d 97.52 a 
Nitamin 6 1.28 d 98.69 a 
Nitamin 12 1.81 d 98.15 a 
§Columns sharing a common letter are not significantly different (P≤0.05). 
 
Table 3. Total nitrogen budget (%TN) means per foliar treatment in Leaf Absorption Experiment 
2. Sampling times indicate hours (hrs.) after foliar applications. 
Foliar 
Treatment 
Sampling Time 
(hrs.) 
%TN Lost 
(Rinsate) 
%TN Lost 
(Volatilization) 
%TN 
Adsorbed 
%TN 
Absorbed 
Foliar Urea 4 10.19 a§ 0.01 c 0.73 a 88.60 b 
UAN 32 4 3.98 b 1.11 a 0.98 a 94.80 a 
Nitamin 4 4.48 b 0.20 b 0.77 a 94.88 a 
Foliar Urea 8 8.71 a 0.01 c 0.83 a 89.92 b 
UAN 32 8 2.74 b 1.52 a 0.75 a 95.35 a 
Nitamin 8 3.09 b 0.21 b 0.75 a 96.27 a 
Foliar Urea 16 5.37 a 0.01 c 0.87 a 94.99 a 
UAN 32 16 1.65 b 1.39 a 0.71 a 96.60 a 
Nitamin 16 2.02 b 0.25 b 0.64 a 97.37 a 
§Columns for foliar and individual sampling time treatments sharing a common letter are not 
significantly different (P≤0.05). 
 
 
 129 
 
 
 
 
  
 
 
 
 
 
 
 
 
  
0%
2%
4%
6%
8%
10%
12%
14%
16%
0 4 8 12 16
%
T
N
 L
o
st
 i
n
 R
in
sa
te
Sampling Time After Foliar Applications (Hours)
Urea
Nitamin
Figure 1. The percentage of total nitrogen (%TN) lost in rinsate for foliar-applied 
urea and Nitamin in Leaf Absorption Experiment 1. Error bars represent ± 1 
standard error (P≤0.05). 
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Figure 2. The percentage of total nitrogen (%TN) lost to ammonia volatilization for 
foliar-applied urea and Nitamin in Leaf Absorption Experiment 1. Error bars represent 
± 1 standard error (P≤0.05). 
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Figure 3. The percentage of total nitrogen (%TN) lost via rinsate and ammonia 
volatilization for foliar-applied urea and Nitamin in Leaf Absorption Experiment 1. 
Error bars represent ± 1 standard error (P≤0.05). 
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Figure 4. The percentage of total nitrogen (%TN) absorbed and/or adsorbed by 
sampled cotton leaves for foliar-applied urea and Nitamin in Leaf Absorption 
Experiment 1. Error bars represent ± 1 standard error (P≤0.05). 
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Figure 5. The percentage of total nitrogen (%TN) lost in rinsate for foliar-applied urea, 
Nitamin and UAN 32 in Leaf Absorption Experiment 2. Error bars represent ± 1 
standard error (P≤0.05). 
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Figure 6. The percentage of total nitrogen (%TN) lost via ammonia volatilization for 
foliar-applied urea, Nitamin and UAN 32 in Leaf Absorption Experiment 2. Error 
bars represent ± 1 standard error (P≤0.05). 
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Figure 7. The percentage of total nitrogen (%TN) adsorbed to the cotton leaf surface for 
the no-foliar-fertilizer applied control, foliar-applied urea, Nitamin and UAN 32 in Leaf 
Absorption Experiment 2. Error bars represent ± 1 standard error (P≤0.05). 
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Figure 8. The percentage of total nitrogen (%TN) absorbed in cotton leaves for 
foliar-applied urea, Nitamin and UAN 32 in Leaf Absorption Experiment 2. Error 
bars represent ± 1 standard error (P≤0.05). 
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Interpretative Summary 
 
 Cotton (Gossypium hirsutum L.) requires a substantial amount of nitrogen (N) in order to 
achieve proper growth and development as well as generating high or optimum yields. Soil 
incorporated N fertilizers can be lost from the soil and rendered unavailable for plant uptake by a 
host of loss mechanisms such as leaching, denitrification and ammonia volatilization. In response 
to these potential losses of soil-incorporated N fertilizers, foliar-N fertilization is viewed as a 
viable and environmentally conscious method of supplying N to cotton in times of high demand 
and in conditions of N deficiency. Therefore, a plethora of foliar-N fertilizers, each with their 
own respective chemical composition and technology, have been created in order to potentially 
alleviate these concerns. 
 I hypothesized that the slow-release foliar-N fertilizer product, Nitamin, would 
significantly increase developmental characteristics along with the yield of field-grown cotton, 
enhance numerous parameters of cotton growth and development in varying conditions of 
environmental stress and have a significantly high rate of absorption into cotton leaves. It was 
presumed that the slow-release technology employed by Nitamin would assist in these 
aforementioned assets as a result of its viscous ability to adhere to cotton leaves; therefore 
ensuring effective leaf retention and penetration. The objectives of this research were to ascertain 
the effects of Nitamin on the growth and development of cotton as well as on cotton leaf 
physiology alone or in comparison with foliar-applied urea and urea ammonium nitrate (UAN 
32). 
 Eleven experiments were performed which encompassed three field trials along with 
eight growth chamber studies. The objectives of the field trials were to determine the effect of 
 140 
Nitamin on the development and yield of field-grown cotton in environments of both sufficient 
and limited N fertility. The objectives of six of the growth chamber experiments were to verify 
the effect of Nitamin on cotton growth and development in conditions of low or high humidity, 
normal or high temperature, and with well-watered or water-deficit stress. The objective of the 
other two growth chamber studies was to determine the rates of cotton leaf uptake and adsorption 
as well as losses due to ammonia volatilization and leaf surface runoff in response to foliar 
applications of Nitamin, urea and UAN 32. 
 The field trials demonstrated that the effectiveness of Nitamin, as well as foliar urea in 
penetrating cotton leaves is temperature dependent as no significant responses were observed in 
2012 as a result of exceptionally hot and dry weather conditions. However, in 2013, cotton yields 
were significant with Nitamin at 13.5 kg N/ha having significantly higher yields than all other 
treatments except for foliar urea at 6.7 kg N/ha which was attributed to a more favorable 
climactic environment. In the limited N fertility study, Nitamin and foliar urea generated 
significantly higher yields than the control; illustrating the efficacy of foliar-N fertilization in N 
deficient scenarios. 
The first set of growth chamber experiments determined that the uptake, translocation 
and subsequent assimilation of foliar urea-N was greater than foliar-applied Nitamin-N in 
controlled environments of low or high humidity, normal or high temperature, and well-watered 
and water-deficit stress conditions. Foliar urea had numerical advantages over Nitamin in nearly 
every trial for response variables such as fruit numbers and plant DM measurements which 
signify the effective use and translocation of foliar-applied N throughout the plant. Although 
Nitamin's viscous property increased its adherence to cotton leaves in many environmental stress 
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situations, its slow-release technology is in all probability the cause for its numerical decreases in 
many of these measured responses. 
The second set of growth chamber studies determined that the amount of Nitamin lost 
through leaf surface runoff and through ammonia volatilization was very low. In addition, the 
rate of absorption for Nitamin was significantly higher than foliar urea in both experiments. The 
main loss mechanism for foliar urea was determined to be through surface runoff although that 
amount decreased over time. The increase in absorption and leaf retention along with ammonia 
volatilization for Nitamin is most likely due to its ability to stay on cotton leaves even after a 
thorough rinsing while the precipitative capacity of foliar urea almost certainly is the reason for 
its loss via leaf surface runoff. 
In conclusion, foliar-applications of Nitamin were not effective at increasing numerous 
growth and development parameters of cotton when compared to a foliar-N fertilizer standard 
such as urea; either in field and/or controlled climate environments. The slow-release technology 
utilized by Nitamin may render it ineffective for enhancing cotton yields due to the short 
application window afforded during flowering, whereas the rapid uptake potential of foliar urea 
may prove conducive for this purpose. Although Nitamin has the ability to effectively adhere to 
cotton leaves as well as minimize losses off of the leaf surface, its implementation will most 
likely be dependent on the potential for rainfall along with the discretion of cotton farmers and 
producers. 
 
